PCT 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
Intematioaal Bureau 




INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(51) International Patent Classification 6 : 

C07K 14/75, 14^8, 14/705, A61K 38739, 
27/00 



Al 



(11) Internati nal Publication Number: 
(43) International Publication Date: 



WO 95/14714 

1 June 1995 (01.06.95) 



(21) International Application Number: PCT/US94/I3542 

(22) International Filing Date: 22 November 1994 (22.1 1 .94) 



(30) Priority Data: 

08/158,001 
08/286\86l 



24 November 1993 (24.1 1 .93) US 
4 August 1994 (04.08.94) US 



(71) Applicant: LA JOLLA CANCER RESEARCH FOUNDA- 

TION [US/US]; 10901 North Toirey Pines Road, La Jolla 
CA 92037 (US). 

(72) Inventors: RUOSLAHTI, Eridri; P.O. Box 1054, Rancho Santa 
Fe, CA 92067 (US). KOIVUNEN, Erkki; 4158 Decoro #66, 
San Diego, 92122 (US). 

(74) Agents: HOOK, Gregory, R. et al.; Campbell and Florcs, Suite 
700, 4370 La JoUa Village Drive, San Diego, CA 92122 
(US). 



(81) Designated States: AM, AU, BB, BG, BR, BY, CA, CN CZ, 
FI, GE, HU, JP, KE, KG. KP, KR, KZ, LK, LT, LV.MD, 
MG, MN, MW, NO, NZ, PL, RO, RU, SD, SL SK, TJ TT 
UA, UZ, VN, European patent (AT, BE, CH, DE DK ES 
FR, GB, GR, IE, IT, LU, MC, NL, PT, SE), OAPI patent 
(BF, BJ, CF, CG, CI, CM, GA, GN, ML, Mft, NE, SN, TO, 
TG), ARIPO patent (KE, MW, SD, SZ). x \ 

Published _j 
With international search report 

Before the expiration of the time limit for amending the 
claims and to be republished in the event of the receipt of 
amendments. /' 

V 



(54) Title: NOVEL INTEGRIN-BINDING PEPTIDES 
(57) Abstract 



hi.h iTl" S*""* to novel mte^-binding peptides. Tnese peptides bind to a** or attaining integrins and can exhibit 

So 8 ]^ RX.ETX^SEQIDNO: 1] (especially RRETAWA [SEQ ID 

So ID NO ?S n 1 m ^ a**™ acid w,th a hydrophobic, aromatic side chain; the double cyclic OCCRGDCX^ 

^fi«n^£ J2' S genCrally CxiubU ***** bindin S when they assume a conformadonally stabilized 

conngurauon. This invention also provides methods of using these peptides. ^ui^i 



0 



WSOOCID: <WO 9S1d7l4Al_l_> 



FOR THE PURPOSES OF INFORMATION ONLY 

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international 
applications under the PCT. 



AT 


Austria 


GB 


United Kingdom 


MR 


Mauritania 


AU 


Australia 


GE 


Georgia 


MW 


Malawi 


BB 


Barbados 


GN 


Guinea 


NE 


Niger 


BE 


Belgium 


GR 


Greece 


NL 


Netherlands 


BF 


Burkina Easo 


HU 


Hungary 


NO 


Norway 


BG 


Bulgaria 


IE 


Ireland 


NZ 


New Zealand 


RJ 


Benin 


rr 


Italy 


PL 


Poland 


BR 


Brazil 


JP 


Japan 


PT 


Portugal 


BY 


Belarus 


KE 


Kenya 


RO 


Romania 


CA 


Canada 


KG 


Kyrgystan 


RU 


Russian Federation 


CF 


Central African Republic 


KP 


Democratic People's Republic 


SD 


Sudan 


CG 


Congo 




of Korea 


SE 


Sweden 


CH 


Switzerland 


KR 


Republic of Korea 


SI 


Slovenia 


ci 


COte d'lvoire 


KZ 


Kazakhstan 


SK 


Slovakia 


CM 


Cameroon 


LI 




SN 


Senegal 


CN 




LK 


Sri Lanka 


TD 


Chad 


CS 


Czechoslovakia 


LU 




TG 


Togo 


CZ 


Czech Republic 


LV 


Latvia 


TJ 


Tajikistan 


DE 


Germany 


MC 


Monaco 


TT 


Trinidad and Tobago 


DK 


Denmark 


MD 


Republic of Moldova 


UA 


Ukraine 


ES 


Spain 


MG 


Madagascar 


US 


United States of Ame 


FI 


Finland 


ML 


Mali 


UZ 


Uzbekistan 


FR 


Ranee 


MN 


Mongolia 


VN 


Viet Nam 


GA 


Gabon 











BNSDOCIO: <WO 95M714A1 J_> 



WO 95/14714 



PCT/US94/13542 



1 

NOVEL INTEGRIN- BINDING PEPTIDES 

This invention was made with government support 
under grants CA45207, CA28896 and Cancer Center Support 
Grant CA30199 awarded by the National Institutes of 
Health. The government has certain rights to this 
5 invention. 

BACKGROUND OF THE INVENTION 

Integrins are transmembrane a& heterodimer 
receptors that are expressed on a wide variety of cells. 
They mediate adhesion of cells to extracellular matrix 

10 ( " ECM " ) . There are eight known (3 subunits and fourteen 
known a subunits, which associate in various combinations 
to form at least twenty receptors with different ligand 
specificities. The ligands for several of the integrins 
are adhesive extracellular matrix (ECM) proteins such as 

15 fibronectin, vitronectin, collagens and laminin. 

It is becoming increasingly clear that the ECM 
influences gene expression and that changes in the 
expression of genes encoding matrix proteins alter the 
composition of the ECM. Integrins appear to mediate 

20 messages from the exterior of a cell to its interior, 
thereby inducing changes in gene expression. In this 
capacity, the integrins control many medically important 
biological phenomena, including cell migration during 
development, tissue repair, cancer cell differentiation, 

25 metastasis of tumor cells, platelet aggregation, homing 
of immune system cells and the extension of neuronal 
processes to target sites. 

Many integrins, including a 5 j8 lf a v /? 5 , a IIb 0 3 and 
a v/?3 recognize the amino acid sequence RGD (arginine- 



BNSOOCIO. <WO 9S14714A1 J_> 



1 



WO 95/14714 PCT/US94/13542 



glycine-aspartic acid) , which is present in f ibronectin 
and other adhesive proteins. 



Fibronectin is the only known ECM ligand for 
the otsfSi integrin and the binding of fibronectin to this 
5 integrin is mediated by an RGD sequence. In contrast, 
the integrins ot^ and a IIb /? 3 , which also recognize the RGD 
sequence, can bind many different adhesive proteins. 

The ofs/?! integrin is important in promoting the 
assembly of fibronectin matrix and initiating cell 

10 attachment to fibronectin. Similarly, 0^3, a v /3 5 , and 

a IIb 0 3 integrins are important in promoting cell attachment 
to vitronectin, fibrinogen, fibronectin, osteopontin and 
some other RGD- containing proteins. Peptides and protein 
fragments containing the RGD sequence can be used to 

15 modulate the activity of the RGD -re cognizing integrins. 
The use of RGD peptides permits targeted modulation and 
manipulation of cell adhesion and other integrin-mediated 
cellular events in various medical situations, including 
platelet aggregation, thrombosis, wound healing, 

20 osteoporosis, tissue repair and tumor invasion. 
Ruoslahti, J. Clin. Invest., 87:1-5 (1991). 



While RGD peptides that bind to more than one 
of the RGD-directed integrins have been used in some of 
these applications, the most developed application, anti- 
25 thrombotic use, depends on peptides that are more 

selective for the targeted integrin. The anti- thrombotic 
peptides target the platelet integrin a IIt j3 3 (e.g. Collen 
et al., Thromb. Haemos., 71:95-102 (1994)). 



Thus, a need exists for ligands that bind 
30 integrins selectively. The present invention satisfies 
this need and provides related advantages as well. 
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SUMMARY OF THE INVENTION 

This invention provides peptides that bind to 
various integrins. This includes peptides that bind to 
the oc B (3 l integrin and that contain the sequence RX 1 ETX 2 WX 3 
5 [SEQ ID NO; 1] wherein X x , X 2 and X 3 are any amino acid; 
peptides that bind ot s fi 1 integrin and that contain the 
sequence RGDGX [SEQ ID NO: 2], wherein X is an amino acid 
with a hydrophobic, aromatic side chain; peptides that 
bind to a v 0 3 integrin and that contain the sequence RLD; 
10 and peptides that bind to the a v 0 5 and ot^p 2 integrins and 
that contains the sequence X 1 X 2 X 3 RGDX 4 X 5 X 6 [SEQ ID NO: 3] 
wherein X 1# X 3 , X 4 and X s are capable of forming a 
cyclizing bond and X 2 and X 5 are 1 to 5 amino acids. 

According to certain embodiments of this 
15 invention, peptides containing the sequence motifs 

demonstrate enhanced binding affinity when they assume 
constrained secondary conformation as a result of, for 
exampl e , eye 1 i za t i on . 

This invention also provides methods using 
20 these peptides. A method useful for isolating an a v - or 
a s - containing integrin from a sample mixture involves 
contacting a peptide of this invention with the sample 
mixture under ionic conditions to allow binding of the 
integrin to the peptide and separating the integrin from 
25 the peptide. The integrins are useful, for example, in 
the evaluation of the specificity of integrin-binding 
pharmaceuticals, such as anti-thrombotics . Tschopp et 
al., Coronary Artery Disease, 4:809-817 (1993). A method 
useful for attaching cells to a substrate involving 
30 binding a peptide of the invention to a substrate and 

contacting the substrate with the cell is also provided. 
Cell culture requires proper attachment of cells. Thus, 
this invention also provides devices having a peptide of 
this invention attached to the surface of a substrate. 
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This invention also provides therapeutic 
methods and devices utilizing these peptides. A method 
useful for attracting cells to the surface of an 
implantable prosthetic involves attaching a peptide of 
5 the invention to the surface of the implantable 
prosthetic and can further involve implanting the 
prosthetic into an individual. The invention also 
provides devices having a peptide of the invention 
attached to the surface of an implantable prosthetic. 
10 Available literature shows that such devices have 

advantages over uncoated devices. Glass et al . , Mat Res. 
Soc. Symp. Proc, 252:331-337 (1992). 

This invention is directed to patch grafts 
having a peptide of this invention attached to a support 
15 matrix. A method of the invention useful for promoting 
wound healing involves applying a patch graft of the 
invention to the wound. 

A therapeutic method useful for inhibiting the 
attachment of osteoclasts to bone, and, therefore, for 
20 treating osteoporosis, involves administering to an 

individual a peptide of the invention that binds to the 
(Xy^ integrin. 

Similarly, therapeutic methods .useful for 
inhibiting angiogenesis also involve administering to an 
25 individual a peptide of the invention that binds to the 
a v@3 integrin. Inhibition of angiogenesis is important, 
for example, in tumor therapy. 

This invention also provides a therapeutic 
method useful for inhibiting metastasis of tumor cells 
3 0 expressing, for example, the a 5 p 1 or a v 0 3 integrin 

involving administering to an individual a peptide of 
_ this invention that binds to these integrins. 
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Another embodiment of the invention is a method 
useful for inhibiting migration of smooth muscle cells 
involving administering to an individual a peptide of the 
invention that binds to the a v /? 3 integrin. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows the inhibition of 12S I- 
fibronectin binding to Ckf 5 /S 1 integrin by synthetic cyclic 
peptides . 

10 Figure 2 shows the inhibition of binding of 

ELRGDGW [SEQ ID NO: 4] -displaying phage to a s /3 l integrin 
by synthetic cyclic peptides GACRGDCLGA [SEQ ID NO: 5] 
and GACRRETAWACGA [SEQ ID NO: 6] . 

Figure 3 shows the effect on binding of CRGDCL 
15 [SEQ ID NO: 7] -displaying phage to a v /3 3 integrin by the 
cyclic peptides GACRRETAWACGA [SEQ ID NO: 6] and 
GACRGDCLGA [SEQ ID NO: 5] . 

Figure 4 shows the inhibition of binding of 
RRETAWA- [SEQ ID NO: 8] displaying phage to integrin 
20 by the cyclic peptides GACRRETAWACGA [SEQ ID NO: 6] and 
GACRGDCLGA [SEQ ID NO: 5] . 

A 

Figure 5 shows the inhibition of or^-mediated 
cell attachment to fibronectin by synthetic peptides. 

Figure 6 shows the inhibition of a v ^ 1 -mediated 
25 cell attachment to fibronectin by synthetic peptides. 



Figure 7 shows the inhibition of a v jS 5 -mediated 
cell attachment to vitronectin by synthetic peptides. 
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Figure 8 shows the binding of ct s Pi- expressing 
cells and ag3 5 - expressing cells to the GACRRETAWACGA [SEQ 
ID NO: 6] peptide. 



Figure 9 shows inhibition of phage attachment 
5 to the otsPi integrin by cyclic RGD- containing peptides. 
Phage clone containing the RGDGW [SEQ ID NO: 9] sequence 
was incubated for 1 hour in integrin- coated microliter 
wells in the presence of the competing peptides. After 
extensive washing, the phage remained bound were 
10 determined as described in Example XII. The results show 
means from duplicate wells. 



Figure 10 shows inhibition of phage binding to 
the a v )8 5 integrin by cyclic RGD peptides. Phage 
containing the ACDCRGDCFCG [SEQ ID NO: 10] sequence were 
15 incubated for 1 hour in integrin- coated wells in the 

presence of the competing peptides or dimethyl sulfoxide 
solvent as a control. The bound phage were determined as 
described herein. The results show means from duplicate 
wells . 

20 Figures 11 to 13 show peptide inhibition of 

cell adhesion. The effect of the synthetic peptides were 
tested as follows : 



Figure 11 -mediated attachment of B2/a27 

cells to fibronectin. 

Figure 12 of v /S 5 -mediated attachment of HT-2 9 
cells to vitronectin. 



Figure 13 a£ v jS 3 -mediated attachment of IMR-90 
cells to vitronectin. The cells that bound were 
determined as described herein. The results show means 
3 0 from duplicate wells. 
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DETAILED DESCRIPTION OF THE INVENTION 



This invention is directed to novel integrin- 
binding peptides. These peptides contain one of the 
following amino acid sequence motifs: RX 1 ETX 2 WX 3 [SEQ ID 
5 NO: 1] (especially RRETAWA [SEQ ID NO: 8]); RGDGX [SEQ ID 
NO: 2], in which X is an amino acid with a hydrophobic, 
aromatic side chain; X X X 2 X 3 RGDX 4 X 5 X 6 [SEQ ID NO: 3] and RLD. 



When these peptides assume a conf ormationally 
stabilized configuration, they tend to have greater 
10 integrin-binding affinity. 

The peptides of this invention have many 
practical uses. These uses include isolating <* 5 - and a v - 
containing integrins from a mixture; promoting the 
attachment of cells bearing the appropriate integrin to a 
15 surface, and inhibiting the binding of such cells to 
macromolecules such as fibronectin, vitronectin, and 
osteopontin. Each of these activities is useful in 
various applications as detailed below. 



This invention provides peptides binding to 
20 a 5 ^ x integrin and containing the sequence RX 1 ETX 2 WX 3 [SEQ 
ID NO: 1] wherein X x , X 2 and X 3 are any amino acid. More 
particularly, this invention is directed *to peptides 
having selectivity for a 5 )S 1 integrin and "containing the 
sequence RX 1 ETX 2 WX 3 [SEQ ID NO: 1] in a constrained 
25 secondary conformation. In one embodiment, the peptide 
contains the sequence CRX X ETX 2 WX 3 C [SEQ ID NO: 11] and 
conformational stability results from a disulfide bond 
involving the cysteine residues. Specific embodiments . 
contemplated in this invention include peptides having 
3 0 the sequence RRETAWA [SEQ ID NO: 8] and CRRETAWAC [SEQ ID 
NO: 12] . Table 1 provides other peptides with this motif 
that bind to ot s (3 lt The fact that the cyclic peptide 
CRRETAWAC [SEQ ID NO: 12] binds to a 5 0 x integrin shows 
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that exocyclic amino acids are not necessary for binding. 
It is the core sequence that confers integrin binding 
ability on a peptide, and various exocyclic amino acids 
do not eliminate integrin-binding ability. 

5 The identification of RRETAWA [SEQ ID NO: 8] as 

a motif that selectively binds to an integrin was 
surprising. The RRETAWA [SEQ ID NO: 8] motif bears no 
obvious similarity to the portion of the fibronectin 
sequence, or other ligand sequences, known to bind a s 0 1 or 

10 other integrins. RRETAWA [SEQ ID NO: 8] binds to an 

integrin at the same site as RGD, or at a site that is in 
direct connection with the RGD-binding pocket in a s (3 x 
integrin, as shown in Example VI. Moreover, the binding 
of cells to immobilized RRETAWA [SEQ ID NO: 8] peptide is 

15 inhibited by EDTA, indicating that the interaction, like 
the binding of RGD to integrin, is divalent cation- 
dependent. The RRETAWA [SEQ ID NO: 8] peptide has two 
positive charges and one negative charge, which are 
likely to play a role in its binding to an integrin. 

20 This invention also provides peptides binding 

to a s p x and containing the sequence RGDGX [SEQ ID NO: 2] , 
in which X is an amino acid with a hydrophobic, aromatic 
side chain. In particular, this invention provides 
peptides having selectivity for ot s p 1 integrin and 

25 containing the sequence RGDGX [SEQ ID NO: 2] in a 
constrained secondary conformation. Seven-membered 
cyclic peptides containing this sequence show relatively 
higher binding affinity than peptides of other cycle 
sizes. In particular, the invention contemplates 

3 0 peptides in which X is W or F. In one embodiment, the 
peptide contains the sequence CRGDGWC [SEQ ID NO: 13] or 
CRGDGFC [SEQ ID NO: 14] and the cyclic configuration 
results from a disulfide bond involving the cysteine 
residues. See Table 2. 
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This invention also provides peptides binding 
to a v )3 5 and integrins and containing the sequence 

X 1 X 2 X 3 RGDX 4 X 5 X 6 [SEQ ID NO ; 3] in which the sequence is in 
a constrained secondary conformation conferred by two 
5 cyclizing bonds, wherein X x , X 3 , X 4 and X 6 are residues 
capable of forming a bridge and X 2 and X 5 are 1 to 5 
amino acids. In one embodiment of the invention, the 
peptide contains the sequence CX 2 CRGDCX 5 C [SEQ ID NO: 
15] . Specific embodiments of this invention include 
10 peptides containing the sequence CDCRGDCFC [SEQ ID NO: 
16], CDCRGDCLC [SEQ ID NO: 17] or CLCRGDCIC [SEQ ID NO: 
18]. See Table 5. The double cyclic structure of these 
peptides is unusual . The presence of the two disulfide 
bonds was demonstrated by mass spectrometry. 

15 This invention also provides peptides binding 

to a v /3 3 integrin and containing the sequence RLD in a 
constrained secondary conformation. Nine-membered cyclic 
peptides containing this sequence show relatively higher 
binding affinity to or v /? 3 compared to RLD-containing 

20 peptides of other cycle sizes. In one embodiment, the 
peptide contains the sequence CX 1 X 2 RLDX 3 X 4 C [SEQ ID NO: 
38] . The constrained configuration results from a 
disulfide bond involving the cysteine residues. Specific 
embodiments contemplated in this invention include 

25 peptides having the sequence CARRLDAPC [SEQ ID NO: 19] or 
CPSRLDSPC [SEQ ID NO: 20]. While the affinities of the 
RLD-containing peptides for a v j3 3 are relatively low, these 
peptides have the useful feature that they are selective 
for the a v 0 3 integrin compared to the . See Example 

30 IX, and Table 3, infra. 

As used herein, the term "peptide" refers to 
two or more amino acids joined by a peptide bond, which 
includes amino acid equivalents and other non- amino acid 
groups that retain the desired functional activity 
35 characteristic of a peptide of the present invention. 
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Peptide equivalents can differ from conventional peptides 
by the replacement of one or more amino acid analogs with 
related organic acids (such as PABA) , amino acids or the 
like or the substitution or modification of side chains 
5 or functional groups. 

The peptides of this invention are synthetic. 
That is, they specifically exclude all naturally 
occurring peptides containing the described amino acid 
sequence motifs. This invention contemplates peptides in 
which the described motifs are included in longer 
peptides in which other amino acid sequences flank one or 
both ends of the motif. The peptides of this invention 
are not limited in size. However, the invention 
particularly contemplates peptides having fewer than 
about 50 amino acids in total. It also contemplates 
proteins in which the core motif sequence is artificially 
implanted within the sequence of the polypeptide, such as 
peptides manufactured by recombinant DNA technology or by 
chemical synthesis. The binding affinity of any peptide 
included herein can be tested by the affinity assays 
described herein and by other affinity assays known in 
the art . 

As used herein, the term "amino acid" and any 
reference to a specific amino acid is generally meant to 
25 include naturally occurring proteogenic amino acids as 

well as non-naturally occurring amino acids such as amino 
acid analogs. In view of this broad definition, one 
skilled in the art would know that reference herein to an 
amino acid, unless specifically indicated otherwise, 
3 0 includes, for example, naturally occurring proteogenic 
(L) -amino acids, (D) -amino acids, chemically modified 
amino acids, including amino acid analogs such as 
penicillamine (3-mercapto-D-valine) , naturally occurring 
non-proteogenic amino acids such as norleucine and 



15 
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chemically synthesized compounds that have properties 
known in the art to be characteristic of an amino acid. 

The choice of including an (L) - or a (D) -amino 
acid in a peptide of the present invention depends, in 
5 part, on the desired characteristics of the peptide. For 
example, the incorporation of one or more (D) -amino acids 
can confer increased stability on the peptide in vitro or 
in vivo. The incorporation of one or more (D) -amino 
acids also can increase or decrease the binding activity 

10 of the peptide as determined, for example, using the 
binding assays described herein, or other methods well 
known in the art. In some cases, such as when treating a 
subject, it may be desirable to allow the peptide of the 
invention to remain active for only a short period of 

15 time. In those cases, the incorporation of one or more 
(L) -amino acids in the peptide can allow, for example, 
endogenous peptidases in the subject to digest the 
peptide in vivo, thereby limiting the subject's exposure 
to an active peptide. 

20 As used herein, the term "amino acid 

equivalent" refers to compounds which depart from the 
structure of the naturally occurring amino acids, but 
which have substantially the structure of an amino acid, 
such that they can be substituted within a peptide which 

25 retains its biological activity. Thus, for example, 
amino acid equivalents can include amino acids as 
described above, which have side chain modifications or 
substitutions or which belong to a related class of 
organic acids such as amides or the like. The term 

30 "amino acid," as described above, is intended to include 
amino acid equivalents. The term "residues" aiso can 
refer to an amino acid or an amino acid equivalent and is 
synonymous with these terms. In general limited 
modifications can be made to a peptide without destroying 

35 its biological function. 
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As used herein, "binding" means specific, as 
opposed to non-specific, binding. Specific binding to an 
integrin can be determined by the ability of a peptide of 
this invention to compete with itself or with the peptide 
5 GRGDSP [SEQ ID NO: 21] for binding to the integrin. A 
distinctive characteristic of such binding is that the 
bound peptide can be detached or prevented from binding 
to an integrin by specific elution or initial contact, 
respectively, with the f ibronectin-derived synthetic 
10 GRGDSP [SEQ ID NO: 21] peptide. See Pytela et al . , Cell, 
40:191-198 (1985) and Pytela et al . , Proc. Natl. Acad. 
Sci., USA, 82:5766-5770 (1985), each of which is 
incorporated herein by reference. In addition, specific 
binding can be disrupted using an agent such as EDTA, 
15 which renders an integrin inactive, or using a denaturant 
such as low pH buffer, as described in the procedures 
set-out below. 

As used herein a peptide "selectively binds" to 
an integrin if it binds with a 10 -fold or higher affinity 
to that integrin as compared to another integrin as 
measured in the same type of binding assay. A peptide is 
"specific for" an integrin if it binds to that integrin 
with a 100- fold higher affinity as compared to another 
integrin as measured in the same type of binding assay. 
Alternatively, these values are derived from experiments 
in which the differences between the assay for the 
various integrins have been compensated for by comparison 
to a non- selective RGD peptide, GRGDSP [SEQ ID NO: 21] . 

As used herein the term "high binding affinity" 
30 refers to peptides that have an IC 50 of 1 X 10' 7 M or less 
in at least one competitive binding assay for an 
integrin. In the competitive binding assays described 
herein, the IC 50 value was determined by competition 
against a standard peptide of known binding affinity. 



20 



25 
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Thus, CRRETAWAC [SEQ ID NO: 12] shows high binding 
affinity for af 5 0 x . See Examples VI and VII. 

As used herein, "relative binding affinity" 
refers to the comparative affinity of two peptides for a 
5 particular integrin. Relative binding affinity can be 
determined by direct binding competition assays or by 
comparing binding affinity to a standard integrin-binding 
peptide, such as GRGDSP [SEQ ID NO: 21] . One measurement 
to determine relative binding affinity is the half- 
10 maximal inhibitory concentration (IC S0 ) of these peptides 
to inhibit binding of, for example, GRGDSP [SEQ ID NO: 
21] to an integrin. 

The peptides of the present invention can be 
synthesized using well known methods including methods of 

15 recombinant DNA technology and chemical synthesis. A 
linear peptide can be synthesized, for. example, by the 
solid phase peptide synthesis method of Merrifield using 
an automated peptide synthesizer (J. Am. Chem. Soc, 
85:2149 (1964), which is incorporated herein by 

2 0 reference) . Alternatively, a peptide of the present 
invention can be synthesized using standard solution 
methods well known in the art (see, for example, 
Bodanszky, M. , Principles of Peptide Synthesis (Springer- 
Verlag, 1984), which is incorporated herein by 

25 reference) . Such newly synthesized peptides can be 

obtained in relatively pure form using, for example, high 
performance liquid chromatography (HPLC) and can be 
characterized using, for example, mass spectrometry or 
amino acid sequence analysis. Although a purity of 

30 greater than 95 percent for the synthesized peptide is 
preferred, lower purity may be acceptable. 

The peptides of this invention having the 
disclosed motif in a constrained secondary structure 
generally exhibit relatively higher binding affinity for 
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integrins than peptides that do not have the motif in 
such a configuration and tend to exhibit more selectivity 
in integrin binding. As used herein, the terms 
"constrained secondary structure, " "stabilized" and 
5 "conformationally stabilized" indicate that the peptide 
bonds comprising the peptide are not able to rotate 
freely in space but, instead, are maintained in a 
relatively fixed structure. 

The importance of a constrained secondary 
10 conformation in the peptides of the invention is 

indicated by the fact that the binding activity of the 
cyclic peptide GACRRETAWACGA [SEQ ID NO: 6] was greatly 
decreased following reduction of the disulfide bond and 
alkylation of the cysteine residues. 

Various methods for constraining the secondary 
structure of a peptide are well known in the art. In a 
particularly useful method, a newly synthesized linear 
peptide can be cyclized by the formation of a bond 
between reactive amino acid side chains. For example, a 
peptide containing a cysteine-pair can be synthesized and 
a disulfide bridge can be formed by oxidizing a dilute 
aqueous solution of the peptide with K 3 [F e (CN) 6 ] . The 
disulfide bridge can also be formed using penicillamine. 

Other particularly useful ways for constraining 
25 the secondary structure of a newly synthesized linear 
peptide is to cyclize the peptide using any of various 
methods well known in the art. For example, a cyclized 
peptide of the present invention can be prepared by 
forming a peptide bond between non-adjacent amino acid 
30 residues as described, for example, by Schiller et al . , 
Jilt. J. Pept. Prot. Res., 25:171 (1985), which is 
incorporated herein by reference. Peptides can be 
synthesized on the Merrifield resin by assembling the 
linear peptide chain using N°-Fmoc-amino acids and Boc and 



15 
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tertiary-butyl protein, then, following release of the 
peptide from the resin, a peptide bond can be formed 
between the amino and carboxy termini. 

Alternatively, a lactam such as an e (7- 
5 glutamyl) -lysine bond can be formed between lysine and 
glutamic acid residues, a lysinonorleucine bond can be 
formed between lysine and leucine residues or a 
dityrosine bond can be formed between two tyrosine 
residues. Cyclic peptides can also be constructed to 

10 contain, for example, four lysine residues, which can 
form the heterocyclic structure of desmosine (see, for 
example, Devlin, Textbook of Biochemistry. 3d . (1992), 
which is incorporated herein by reference) . Methods for 
forming these and other bonds are well known in the art 

15 and are based on well known rules of chemical reactivity. 

A peptide of this invention also can be 
stabilized into a constrained secondary structure by 
incorporating the peptide into a larger peptide sequence 
that forms a known secondary structure. For example, a 

20 peptide of the present invention can be stabilized by 

incorporating it into a sequence that forms a helix such 
as an alpha (ot) helix or a triple helix, according to 
methods described, for example, by Dedhar et al". , J. Cell 
Biol., 104:585 (1987); by Rhodes et al . , Biochemistry, 

25 17:3442 (1978); and by Carbone et al . , J. Immunol., 

138:1838 (1987), each of which is incorporated herein by 
reference. 

As used herein the "members" of a cycle in a 
cyclized peptide are the amino acids in that cycle. 
30 Thus, for example, * CRRETAWAC * [SEQ ID NO: 12] is 
considered to be a nine-membered cycle. The **' 
indicates the cysteine residue is involved in forming the 
disulfide bridge. 
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While certain cycle sizes may optimize the 
binding affinity and selectivity of a peptide for an 
integrin, this invention contemplates cycles of various 
sizes that contain the core sequence. Various cycle 
5 sizes can be obtained by varying the location of the 
bridge -forming elements within the peptide. Any person 
skilled in the art can determine whether the range of 
cycle sizes within which the peptide retains integrin- 
binding ability. Thus, for example, this invention 
10 contemplates the core sequence RLD contained within 
cycles of various sizes, themselves within longer 
peptides . 



This invention contemplates many uses for the 
peptides described herein. They are useful in all the 

15 methods and materials for which other RGD peptides are 
useful. Insofar as they have high binding affinities, 
one need use less of the peptides of the invention than 
other RGD- containing peptides. Insofar as they bind 
integrins selectively or specifically, the peptides of 

2 0 this invention can be targeted more precisely than other 
RGD- containing peptides and, therefore, have a more 
specific effect and/or require less of a dose. Thus, the 
peptides of this invention represent an improvement over 
the known classes of RGD-containing peptides. 

25 Bound to an affinity column or other 

appropriate purification system, the peptides of this 
invention are useful for isolating from a sample mixture 
the a 5 - and a v -containing integrins to which they bind. 
Therefore, this invention provides methods useful for 

30 isolating an integrin that binds to a peptide of this 
invention. The methods involve contacting the peptide 
with a sample mixture under ionic conditions to allow 
binding of an integrin to the peptide. The integrins are 
then separated from the peptides by methods well known in 

35 the art. Typically, the peptides are attached to an 
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affinity column. The sample mixture is passed over the 
column under conditions that allow binding of the 
integrin to the peptide. Then the unbound molecules are 
removed by washing the column. The integrins are 
5 isolated by washing the column with a buffer that elutes 
the bound integrins from the peptides. An isolation 
method is described further in Example XIV. 

The CRRETAWAC [SEQ ID NO: 12] -type peptides 
allow the specific isolation of the a 5 0 x integrin. See 
10 Examples VI and VII. 

The peptides of the present invention are 
particularly useful for these ends because they are 
readily and inexpensively synthesized and, therefore, are 
more readily available than, for example, the natural 
15 ligands of integrins or antibodies specific for an 
integrin or for an integrin subunit . 

When bound to a solid surface, the peptides of 
this invention promote the .attachment of cells bearing 
the appropriate integrin to that surface. A method 
useful for attaching cells to a substrate for cell 
culture involves binding a peptide of this invention to a 
substrate and contacting the substrate with the cell. 
The coating of the substrate with the peptide obviates 
the use of fibronectin in the medium, this providing 
better defined conditions for the culture as well as 
better reproducibility. 

For example, Cytodex particles (Pharmacia, 
Piscataway, NJ) are coated with gelatin. This makes it 
possible to grow the same number of adherent cells in a 
3 0 much smaller volume of medium than would be possible in 
dishes. The activity of these beads is generally 
dependent upon the use of fibronectin in the growth 
medium. Therefore the peptides of this invention are 
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expected to produce an improved, chemically-defined 
coating for such purposes. Other surfaces or materials 
may be coated to enhance attachment, such as glass, 
plastic, agarose, synthetic resins or long-chain 
5 polysaccharides. (See, e.g., Glass et al . , Mat. Res. 
Soc. Symp Proc, 252:331-337 (1992) and Pierschbacher et 
al., U.S. Patent No. 5,12 0,829.) The -binding 
peptides provided in this invention allow the binding of 
cells containing the cx s ^ 1 integrin. Moreover, the 

10 improved affinities of the peptides provided here allow 
the use of smaller amounts of the peptide for the 
coating, thus improving economies. This invention 
further provides devices comprising a peptide of this 
invention attached to the surface of a substrate. In one 

15 embodiment, the substrate is a cell culture dish. 

The peptides of this invention are also useful 
as coatings on surfaces of implantable prosthetics, such 
as prosthetic blood vessels or vascular grafts where they 
attract and attach cells. Thus, this invention provides 

20 a device having a peptide of this invention attached to 
the surface of an implantable prosthetic. These implant 
devices generally are woven or knitted from 
nitrocellulose or polyester fiber, particularly Dacron 
(polyethylene terephthalate) fiber. Therefore, this 

25 invention provides methods useful for attracting cells to 
the surface of an implantable prosthetic involving 
attaching a peptide of this invention to the surface of 
the implantable prosthetic. A further method involves 
implanting the prosthetic into an individual. Thus, it 

3 0 is desirable to attract fibroblasts onto artificial 
tissue patches and endothelial cells onto vascular 
graphs . 

The peptides of this invention are also useful 
in patch grafts or the like for aiding in wound healing. 
35 Accordingly, this invention provides patch grafts having 
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a peptide of this invention that binds to a s p x integrin 
or the a v integrin attached to a support matrix. The 
matrix can include a biodegradable molecule such as 
collagen, a glycosaminoglycan or a proteoglycan. 
5 Hyaluronic acid and chondroitin sulfate are two such 
materials. This invention further provides methods 
useful for promoting wound healing involving applying a 
patch graft of this invention to a wound. 

RGD-containing adhesion peptides have been used 
in clinical trials in this manner. See, for example, 
Polarek et al . , Wounds: A Compendium of Clinical Research 
and Practice, 6:46-53 (1994). The integrin-selectivities 
and affinities of the peptides of this invention also 
will provide advantages of cell type selectivity and 
economy in this method. 

Many physiological events involve cell binding 
mediated through integrins . Thus, peptides that inhibit 
integrin-mediated binding are useful in therapies 
directed at regulating these events and, indeed, have 
been used for that purpose. For example, platelet 
binding to fibrinogen is mediated by the a IIb /? 3 integrin. 
RGD-based anti- thrombotic compounds, which bind to this 
integrin and prevent the binding of platelets to 
fibrinogen, are currently in clinical trails. See, e.g., 
Tschopp et al., Coronary Artery Disease, 4:809-817 
(1993) . 

Because the peptides of this invention bind to 
certain integrins they compete in vivo with RGD- 
containing molecules for binding to integrins. 
3 0 Administered to an individual, they are useful for 

preventing binding of integrin-bearing cells with their 
target molecules in vivo. This invention provides 
methods useful for inhibiting the binding of integrin- 
bearing to RGD-containing molecules involving 
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administering to an individual a peptide of this 
invention in an amount effective to inhibit the binding. 
In particular, this invention contemplates the use of 
high binding affinity peptides or peptides specific for 
5 one or more integrins in these methods . 

Osteoporosis involves the attachment of bone- 
degrading osteoclasts to bone. Attachment of osteoclasts 
to bone is mediated by the integrin. See, e.g., 

Nesbitt et al. # J. Biol. Chem., 268:16737-45 (1993). 

10 Treatments are being developed for osteoporosis that 
depend on the ability of RGD peptides to prevent this 
attachment. Fisher et al . , Endocrinology, 132:1411-1413 
(1993) . Accordingly, this invention provides methods 
useful for inhibiting the attachment of osteoclasts to 

15 bone involving administering to an individual a peptide 
of this invention that binds to of v /3 3 integrin. 

Angiogenesis , the formation of new blood 
vessels, involves the migration of endothelial cells 
which is dependent on the or v £ 3 integrins. See, e.g., 

20 Brooks et al . , Science, 264:569-571 (1994). Treatments 
for tumors based on the prevention of angiogenesis are 
being developed. Accordingly, this invention provides 
methods useful for inhibiting angiogenesis involving 
administering to an individual a peptide of this 

25 invention that bind to a v /J 3 integrin. 

RGD peptides inhibit tumor metastasis. (See, 
e.g., Humphries et al . , Cancer Biology, 4:293-299 
(1993)); Hardan et al., Int. J. Cancer, 55:1023-1028 
(1993); Komazawa et al . , Carbohyd. Res., 21:299-307 
30 (1993) . Accordingly, this invention provides methods 
useful for inhibiting metastasis of tumors expressing 
integrins involving administering to an individual a 
peptide of this invention that bind to those integrins. 
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In particular, the method is directed toward tumors 
expressing the and/or a v /3 3 integrins. 

Neointimal hyperplasia is characterized by 
smooth muscle cell migration from the media into the 
5 neointima. The disease has been inhibited by blocking 
integrin with an RGD peptide. See, e.g., Choi et 
al., J. Vase. Surg., pp 125-134 (January 1994). 
Accordingly, this invention provides methods useful for 
inhibiting migration of smooth muscle cells involving 
10 administering to an individual a peptide of the invention 
that binds to a v j3 3 integrin. 

As used herein, an individual is a vertebrate 
and, more particularly, a mammal, including a human. 

The administration of the peptides in the 
methods of this invention must be in an amount effective 
for the binding of the peptide to cells bearing the 
target integrin. An effective amount of a peptide can be 
determined using the methods described herein. For 
example, as shown in Figure 1, an effective amount of the 
claimed peptide can be determined using an assay to 
identify the concentration necessary to inhibit cell 
attachment . 



15 



20 



In general, the peptides of this invention are 
administered to the individual in a pharmaceutically 

25 acceptable carrier. Pharmaceutically acceptable carriers 
are well known in the art and include aqueous solutions 
such as physiologically buffered saline or other solvents 
or vehicles such as glycols, glycerol, oils such as olive 
oil or injectable organic esters. A pharmaceutically 

3 0 acceptable carrier can contain physiologically acceptable 
compounds that act, for example, to stabilize the peptide 
of the present invention or increase the absorption of 
the peptide. Such physiologically acceptable compounds 
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include, for example, carbohydrates, such as glucose, 
sucrose or dextrans, antioxidants, such as ascorbic acid 
or glutathione, chelating agents, low molecular weight 
proteins or other stabilizers or excipients. One skilled 
5 in the art would know that the choice of a 

pharmaceutical ly acceptable carrier, including a 
physiologically acceptable compound, depends, for 
example, on the route of administration of the integrin- 
binding peptide and on the particular physico-chemical 
10 characteristics of the specific peptide. 

One skilled in the art would know that a 
pharmaceutical composition containing a peptide of the 
present invention can be administered to an individual by 
various routes, depending on the specific pathologic 
condition. For example, where the treatment is localized 
such as for inducing healing of a wound, a pharmaceutical 
composition comprising a peptide of the present invention 
coupled to a suitable carrier such as hyaluronic acid can 
be administered in the appropriate pharmaceutically 
acceptable formulation and administered topically. See, 
e.g., Polarek et al., Wounds: A Compendium of Clinical 
Research and Practice, 6:46-53 (1994). Alternatively, 
where treatment is systemic due, for example, to the 
presence in the subject of cancer, the composition can be 
administered parenterally , such as intravenously, 
intramuscularly, subcutaneously, intraorbitally, 
intracapsularly, intraperitoneally or intracisternally . 

The total effective amount of a peptide of the 
present invention can be administered to a subject as a 
3 0 single dose, either as a bolus or by infusion over a 

relatively short period of time, or can be administered 
using a fractionated treatment protocol, in which the 
multiple doses are administered over a more prolonged 
period of time. One skilled in the art would know that 
35 the concentration of a peptide of the present invention 
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required to obtain an effective dose in a subject depends 
on many factors including the age and general health of 
the subject as well as the route of administration and 
the number of treatments to be administered. In view of 
5 these factors, the skilled artisan would adjust the dose 
so as to provide an effective dose for a particular use. 

The invention will now be described in greater 
detail by reference to the following examples. These 
examples are intended to illustrate but not limit the 
10 invention. 

EXAMPLE I 

ISOLATION OF VITRONECTIN AND INTEGRINS 

Vitronectin was purified from human plasma as 
described in Yatohgo et al., Cell Struct. Funct., 
13:281-292 (1988) . Human plasma fibronectin was from the 
Finnish Red Cross. Peptides were synthesized on a 
Applied Biosystems Model 430A synthesizer (Foster City, 
CA) by standard Merrifield solid phase synthesis 
protocols and t-butoxycarbonyl chemistry. Peptides were 
cyclized after release from the resin by oxidizing with 
0.01 M K 3 [Fe(CN) 6 ] in 1 mM NH 4 OAc, pH 8, overnight at 25° 
C. After removing the excess of H 2 0 by rotary 
evaporation, the peptides were lyophilized and finally 
purified by reverse-phase HPLC. A stock solution of the 
ACDCRGDCFCG [SEQ ID NO: 10] peptide was made in dimethyl 
sulfoxide at a concentration of 100 mM and was diluted in 
TBS or culture medium before use. Dimethyl sulfoxide 
alone was included as a control in all phage and cell 
attachment experiments. Other peptides used in this 
study were dissolved aqueous buffers at a concentration 
of 5 mM. 

The otvP 3 , a v /3 5 and a s ^ x integrins were isolated 
from human placental extracts made in TBS buffer 
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containing 0.1 M octyl glucoside, proteinase inhibitors 
and divalent cations (Pytela et al . , Methods Enzymol., 
144:475.489 (1987). The a v /3 3 and a s ^ integrins were 
extracted into buffer containing 1 mM MnCl 2 and 1 mM CaCl 2 
5 and isolated by affinity chromatography on 

Sepharose- coupled GRGDSPK peptide [SEQ ID NO: 22] (Pytela 
et al., Methods Enzymol., 144:475-489 (1987)) and 
G AC * RRETAWAC * GA [SEQ ID NO: 6] peptide, respectively 
(Koivunen et al . , J . Cell. Biol., 124:373-380 (1994)). 

10 The a v & s integrin was isolated from extracts prepared with 
1 mM CaCl 2 using affinity chromatography with vitronectin. 
The integrin bound by the GRGDSPK [SEQ ID NO: 22] peptide 
column was shown to be primarily a v £ 3 , because binding of 
labeled vitronectin to this integrin was blocked by the 

15 specific antibody LM609 (Cheresh and Spiro, J. Biol. 

Chem., 262:17703-11 (1987)). In addition, most of the 
phage-binding activity in the ar v j3 3 preparation was 
captured into microliter wells coated with antibodies 
against the a v or /? 3 subunits as described previously 

20 (Koivunen et al . , J". Biol. Chem., 268:20205-10 (1993). 
The a llb /8 3 integrin was isolated from outdated platelets 
(Pytela et al . , Science, 231:1559-1562 (1986)). 

EXAMPLE II 

FIBRONECTIN BINDING ASSAY 

25 Polyclonal antibodies against the cytoplasmic 

tails of a 5 , a v and /? 3 subunits were prepared by 
immunizing rabbits with the synthetic peptides described 
according to the methods described by Freed et al . , EMBO 
J., 8:2955-2965 (1989); by Giancotti et al . , Cell, 60: 

30 849-859 (1990); and by Vogel et al . , J. Cell. Biol., 

121:461-468 (1993) . The immunizing peptides were used to 
affinity purify the antibodies using methods well known 
in the art (Harlow et al . , Antibodies: A Laboratory 
Manual, Cold Spring Harbor (1989), which is incorporated 

3 5 herein by reference) . 
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The a s ^ integrin was bound to ot s specific 
antibody-coated wells by incubating 300 fil of a placental 
extract per well in TBS buffer containing 0.1 M 
octylglucoside, 1 mM CaCl 2 , l mM MnCl 2 and proteinase 
inhibitors overnight at 4°C, (Koivunen et al . , J. Biol. 
Chem., 268: 20205-20210 (1993). Alternatively, the a s ^ 
integrin was directly coated on plastic as described 
above. The wells were extensively washed with TBS 
containing 0.1% NP-40. 125 I-labeled fibronectin (100,000 
cpm per well) was incubated in the presence of competing 
peptides for 1 hour at 25 °C in 100 fil volume of TBS 
containing 0.1% NP-40 and 1 mM MnCl 2 , as described by 
Koivunen et al . , J". Biol . Chem. 268: 20205-20210 (1993). 
After repeated washing, the bound radioactivity was 
guantitated with a gamma counter. 

EXAMPLE III 

SYNTHESIS OF CYCLIC AND LINEAR PEPTIDES 

The cyclic peptides GACRRETAWACGA [SEQ ID NO: 
6] ( *CRRETAWAC* ) [SEQ ID NO: 12] and GA* CRGDC* LGA [SEQ ID 
20 NO: 5] (*CRGDC*) [SEQ ID NO: 37] were synthesized using 
an Applied Biosystems Model 430A synthesizer (Foster 
City, CA) and purified by reverse-phase HPLC. Aliguots 
of the cyclic peptides were linearized by reduction and 
alkylation. Briefly, 5 mg of peptide were incubated for 
25 1 hour at 37°C in 0.1 M Tris buffer (pH 8) containing 8 M 
urea and lOOx molar excess of dithiothreitol . A 200x 
molar excess of iodoacetamide was added and the 
incubation was continued for 3 0 min in the dark. The 
peptide was dialyzed extensively against water using a 
30 membrane with 500 Da molecular weight cut off. The 
recovery of the peptide after dialysis was 43% as 
determined by UV absorbance . 
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EXAMPLE IV 

CONSTRUCTION AND USE OF PHAGE DISPLAY LIBRARIES 

Peptide libraries were constructed in fuse 5 
vector (Scott and Smith, Science 249:386-390 (1990)) as 
5 described previously (Koivunen et al . , J. Cell Biol., 
124:373-380 (1994). The CX 5 C, CX 6 C, CX 7 C and CX 9 [SEQ ID 
NOS.: 39-42, respectively] libraries were prepared using 
synthetic oligonucleotides containing core sequences 
TGT (NNK) 5 TGT, TGT (NNK) 6 TGT, TGT (NNK) 7 TGT and TGT (NNK) 9 [SEQ 

10 ID NOS: 43-46, respectively] (N = equal molar mixture of 
A, C, G, T; K = G or T) , respectively. The 
oligonucleotides were made double -stranded by PCR 
amplification with 5 cycles, purified and ligated to the 
N- terminus of pill gene of fuse 5 vector. The CX 5 C, CX 6 C, 

15 CX 7 C and CX 9 vectors were transfected into MC1061 cells 

using 16, 60, 263 and 250 electroporations , respectively. 
Bacteria were cultured for 24 hours in the presence of 2 0 
fig /ml of tetracycline, and phage were collected from the 
supernatant by precipitation twice with polyethylene 

20 glycol. The phage pellets were dissolved at 

approximately 10 13 transducing units (TU) / ml in TBS 
buffer containing 0.02 % NaN 3 and stored at 4 °C. The 
yields of the CX 5 C, CX 6 C, CX 7 C and CX 9 primary libraries 
were 3.5 x 10 8 , 1.1 x 10 9 , 4.5 x 10 s and 3.5 x 10 a clones, 

25 respectively. 

A mixture of phage containing 7 x 10 10 , 2.5 x 
10 11 , 2.5 x 10 11 and 4 x 10 11 TU from each of the CX 5 C, 
CX € C, CX 7 C and CX 9 libraries, respectively, was screened 
with integrins coated on microliter wells essentially as 

30 described (Koivunen et al . , J. Biol. Chem. , 268:20205-10 
(1993)). In the first panning, the integrins were coated 
at 5 fig per well, and the library pool was incubated for 
4 hours at 25°C in TBS buffer containing 1 % bovine serum 
albumin and 1 mM MnCl 2 (a s fi lf ogB 3 ) , 1 mM MgCl 2 <a Ilb jS 3 ) or 1 

35 mM CaCl 2 (a v /? 5 ) . Phage remained bound after extensive 
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washing were eluted with a glycine buffer of pH 2.2. Any 
tight -binding phage possibly remaining bound to the wells 
were captured by incubating with concentrated K91kan 
bacteria (Smith et al . , Methods Enzymol . , 217:228-257 
5 (1993)) for 2 hours at 37°C. Bacteria were mixed with the 
low pH eluate and the phage were amplified. In the 
subsequent pannings, the integrins were coated at lower 
concentrations (100, 10 and 1 ng per well) to select high 
affinity phage sequences. Phage were sequenced from 
10 randomly selected clones as described (Koivunen et al . , 
J. Biol. Chem., 268: 20205-10 (1993)). 

Binding of individual cloned phage to integrins 
was studied in microliter wells as described in Koivunen 
et al., J. Cell. Biol., 124:373-380 (1994). Phage 

15 binding to a s ^ 1 and a v /3 3 were assayed in TBS buffer 

containing 1 % BSA and 1 mM MnCl 2 and binding to q;j3 5 in 
the presence of 1 mM CaCl 2 . Phage that were bound were 
determined by their ability to infect F-pilus positive 
K91kan bacteria. Bacteria were grown overnight in 

20 microliter wells in the presence of tetracycline and the 
absorbance indicative of bacterial growth was read at 600 
nm with an ELISA plate reader. 

EXAMPLE V 

CELL ATTACHMENT ASSAY 

25 This example demonstrates the integrin-binding 

specificity of the peptides of the invention. 

Cell lines expressing different integrins were 
used to examine peptide inhibition of integrin function. 
A human melanoma cell line, C8161, a fibroblast cell 
3 0 line, WI-38, and an osteosarcoma cell line, MG-63 

(described by Seftor et al., Cane. Res., 53:3411-3415 
(1993); Vogel et al . , J. Biol. Chem., 265:5934-5937 
(1990); and Pytela et al . (1985), supra, respectively, 
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each of which is incorporated herein by reference) attach 
to fibronectin through a s P 1 integrin, as does B2/a27, a 
CHO cell line transfected with human a 5 . B2/C1, the 
control parental CHO line (Bauer et al., J. Cell. Biol. 
5 116:477-487 (1992), which is incorporated herein by 

reference), attaches via a v /3 5 . CHO cells Cll and NIH 3T3 
cells express the endogenous Chinese hamster and mouse 
a 5 /3 1 integrins, respectively. The human melanoma cells, 
A375-M, attach to fibronectin through both a s j3 x and 

10 integrins (Mould et al . , J". Biol. Chem. 265:4020-4024 

(1990) , which is incorporated herein by reference) . CHO 
cell line B2/v7 express the integrin (Zhang et al . , 

J. Cell. Biol. 122:235-242 (1993), which is incorporated 
herein by reference) . The vitronect in-binding integrins 

15 and a v /S 3 were assayed using the cell line HT-29 and 

IMR-90, respectively (Koivunen et al . , J. Biol. Chem. 
268: 20205-20210 (1993)). 

Cell lines expressing f ibronectin-binding 
integrins were used to determine peptide activities 

20 against these integrins in the cell attachment assay 

described by Ruoslahti et al., Meth. Enzymol . , 144:803- 
831 (1982), which is incorporated herein by reference. 
Human plasma fibronectin was iodinated as described by 
Morla and Ruoslahti, J. Cell Biol., 118:421-429 (1992), 

25 which is incorporated herein by reference. Vitronectin 
was obtained from Telios Pharmaceuticals (San Diego, CA) . 
In different experiments, microliter wells were coated 
either with various concentrations of fibronectin or 
vitronectin or with a concentration that resulted in 50- 

30 70% maximum attachment for each cell type (B2/a27, 2 
/xg/ml; B2/v7, 4 iig /ml ; HT29, 8 fig /ml ; IMR90, 1 fig /ml) . 
Peptide was coated on plastic by incubating at 37 °C for 
2 hours in phosphate buffered saline containing 0.25% 
glutaraldehyde to crosslink the peptide. Free binding 

35 sites on the plastic were blocked using BSA. 

Approximately 1 x 10 s cells per well were allowed to 
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attach for 1 hour in the presence or absence of competing 
peptides. Bound cells were quantitated by staining with 
0.1% amido black. 

EXAMPLE VI 

5 DETERMINATION OF RELATIVE BINDINGS AFFINITIES OF PEPTIDES 

Relative affinities of the CRRETAWAC [SEQ ID 
NO: 12] and CRGDC [SEQ ID NO : 37] peptides were 
determined by inhibition of binding of peptide-displaying 
phage to a 5 P 1 integrin. Peptide-displaying phage were 
10 constructed as described by Scott and Smith, Science 

24 9:386-3 90 (1990) and Example IV. Microwell plates were 
coated with various integrins as described by Koivunen et 
al., J . Biol. Chem., 268:20205-10 (1993) and Example II. 

The binding of CRRETAWAC [SEQ ID NO: 12]- 
15 containing peptide ligands to a s (3 1 integrin was performed 
as follows. RRETAWA [SEQ ID NO: 8] -displaying phage were 
incubated for 1 hour in the presence of various 
concentrations of the cyclic peptides containing 
CRRETAWAC [SEQ ID NO: 12] and containing CRGDC [SEQ ID 
20 NO: 37] in microliter wells coated with the integrin. 
Binding was quantitated by adding K91kan bacteria 
directly to the wells and growing the bacteria overnight 
at room temperature (Smith and Scott, Meth. Enzymol . , 
217:228-257 (1993), which is incorporated herein by 
25 reference) . 

Figure 4 shows the inhibition of RRETAWA [SEQ 
ID NO: 8] -displaying phage binding to integrin by 

CRGDC [SEQ ID NO: 3 7] and CRRETAWAC [SEQ ID NO: 12] . The 
CRRETAWAC [SEQ ID NO: 12] motif inhibited at least 10 
30 times more efficiently than the CRGDC [SEQ ID NO: 37] 
containing peptides. A control peptide GRGESP [SEQ ID 
NO: 23] had no effect. 
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Additional peptide motifs were tested as 
follows. ELRGDGW- displaying [SEQ ID NO: 4] phage were 
added together with various concentrations of the cyclic 
peptides containing CRRETAWAC [SEQ ID NO: 12] and 
5 containing CRGDC [SEQ ID NO: 37] into microliter wells 
coated with the at s & x integrin, incubated for 1 hour at 
room temperature and binding to wells was quantitated. 
As shown in Figure 2, the. CRRETAWAC [SEQ ID NO: 12] and 
CRGDC [SEQ ID NO: 3 7] inhibit the binding of ELRGDGW - 
10 displaying [SEQ ID NO: 4] phage to a s (3 1 integrin to 
approximately the same degree. 

The ability of CRRETAWAC [SEQ ID NO: 12] and 
CRGDC [SEQ ID NO: 3 7] containing peptides to inhibit 
binding of CRGDCL-displaying [SEQ ID NO: 7] phage to the 

15 microwells coated with a v /? 3 integrin also was examined. 
CRGDCL-displaying [SEQ ID NO: 7] phage were added to a 
well and either cyclic GACRRETAWACGA [SEQ ID NO: 6] or 
cyclic GACRGDCLGA [SEQ ID NO: 5] was added to compete for 
binding. Binding was quantitated as described above. As 

2 0 shown in Figure 3, the GACRRETAWACGA [SEQ ID NO: 6] 

peptide was ineffective in inhibiting binding of CRGDCL- 
displaying [SEQ ID NO: 7] phage to <x v /3 3 whereas the 
GACRGDCLGA [SEQ ID NO: 5] peptide completely inhibited 
the binding. 

A 

25 EXAMPLE VII 

SPECIFICITY OF RRETAWA FOR a s /3 1 IN CELL ATTACHMENT AND 
INHIBITING FIBRONECTIN BINDING 

The results above indicated that the RRETAWA 
[SEQ ID NO: 8] motif exhibited high relative binding 
30 affinity and selectivity for a s 0 lm To confirm this 

result, the RRETAWA [SEQ ID NO: 8] -containing peptide 
CRRETAWAC [SEQ ID NO: 12] was further tested in 
additional binding assays and in cell attachment assays. 
The methods used are identical to those described above. 
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Initially, CRRETAWAC [SEQ ID NO: 12] was 
examined for its ability to inhibit binding of 
fibronectin, which is the natural ligand for 0£ 5 fi 1 . 
Briefly, 125 I -fibronectin was incubated for 1 hour in the 
5 presence of competing peptides in microliter wells coated 
with ot s Pi- Following incubation, the wells were washed 
and bound radioactivity was determined with a gamma 
counter. As shown in Figure 1, the cyclic CRRETAWAC [SEQ 
ID NO: 12] peptide inhibits fibronectin binding equally 
10 as well as the cyclic CRGDC [SEQ ID NO: 37] peptide. 

Inhibition of cell attachment mediated by 
either fibronectin- or vitronectin-binding integrins was 
performed to determine peptide specificity in a 
biologically relevant system. The assays and cell lines 
15 were performed as described above. Figures 5 and 6 show 
the results of cell attachment mediated by the 
fibronectin binding integrins a s ^ x and ar^. Figure 7 
shows cell attachment mediated by the vitronectin 
binding integrin. 

20 The cell attachment inhibition assays confirm 

that the RRETAWA [SEQ ID NO: 8] peptide is more efficient 
at inhibiting binding to a s (3 1 than the cyclic CRGDCL [SEQ 
ID NO: 7] peptide (Figure 5) . The IC S0 of CRRETAWAC [SEQ 
ID NO: 12] -inhibited a^-mediated cell attachment to 

25 fibronectin was 3 x 10* 5 M. The peptide also inhibited 

cell attachment to a 110 kDa fragment of fibronectin that 
contains the cell attachment domain. Reduction and 
alkylation of the disulfide bond reduced the activity of 
the peptide about 50x. The control peptide GRGESP [SEQ 

3 0 ID NO: 23] had no effect on binding (Figure 5) . 

The results in Figure 5 were obtained using 
B2/a27 cells, which express the human a 5 subunit expressed 
from a transfected cDNA. However, similar results were 
obtained using the C8161, MG-63 and WI-38 human cell 
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lines, which all express a s /3 1 . The attachment of A3 75-M 
cells was only partially inhibited by CRRETAWAC [SEQ ID 
NO: 12] , possibly because this cell line expresses other 
f ibronectin-binding integrins such as ot^ (Mould et al . 
5 (1990), supra). However, CRRETAWAC [SEQ ID NO: 12] could 
not block attachment of CHO Cll cells or mouse NIH 3T3 
cells to fibronectin, indicating the peptide may be 
species-specific . 

When tested against another fibronectin binding 
integrin, ogS lf however, the RRETAWA [SEQ ID NO: 8] 
peptide was greater than lOOx less active than the cyclic 
RGD peptide and about 4 Ox less active than another 
integrin binding peptide studied, CELRGDGWC [SEQ ID NO 
24] (Figure 6) . Finally, when tested against a v /3 5 cell 
attachment to vitronectin, the RRETAWA [SEQ ID NO: 8] 
containing peptide was essentially devoid of activity at 
all concentrations tested (Figure 7) . Combined with the 
binding data discussed above, these results demonstrate 
that the GACRRETAWACGA [SEQ ID NO: 6] peptide exhibits 
high activity and selectivity for the integrin. 

In addition to the inhibition of cell 
attachment to natural ligands, attachment and inhibition 
assays were performed using the GACRRETAWACGA [SEQ ID NO: 
6] peptide as substrate. The microliter -well were coated 

25 with GACRRETAWACGA [SEQ ID NO: 6] using glutaraldehyde 
as described above. Briefly, peptide was coated on 
plastic by incubating at 37°C for 2 hours in phosphate 
buffered saline containing 0.25% glutaraldehyde to 
crosslink the peptide and free binding sites on the 

3 0 plastic were blocked using BSA, The wells were then 
saturated with BSA followed by the addition of 50,000 
B2/o;27 or B2/C1 cells in the presence or absence of the 
indicated inhibitor. The B2/a27 cells express cr s ^ 1 
whereas the B2/C1 do not. Bound cells were quantitated 

35 by staining with 0.1% amido black. 



15 
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As shown in Figure 8, the RRETAWA [SEQ ID NO: 
8] -containing peptide promoted a^-mediated adhesion 
(compare the B2/or27 attachment with the B2/C1) . This 
attachment was inhibited by the RRETAWA- [SEQ ID NO: 8] 
5 containing peptide (ImM) as well as by CRGDC [SEQ ID NO: 
37] (ImM) and by EDTA (lOmM) . The expressing B2/v7 

cells also bound to the peptide, however, a peptide 
coating concentration of 1 mg/ml was required to produce 
significant attachment. Cell lines that do not express 
10 these integrins or express a non- human integrin did 

not attach to immobilized CRRETAWAC [SEQ ID NO: 12] . 

EXAMPLE VIII 

CRXJETX2WX3C PEPTIDES RECOGNIZED BY THE a s (5 1 INTEGRIN 

The peptides CRRETAWAC [SEQ ID NO: 12] and 
15 CRSETYWKC [SEQ ID NO: 25] were both found to selectively 
bind the a s P ± integrin. Therefore, a library of peptides 
having the motif common to both, X 4 CRX 1 ETX 2 WX 3 C [SEQ ID 
NO: 26] was created in a manner similar to the other 
libraries described herein and tested for binding to the 
20 ot s /3 x integrin. Second and third pannings allowed 

identification of many peptides selective for the d 5 fi 1 
integrin. See Table l. A large number of these 
contained the motif CRRETAWAC [SEQ ID NO: 12], indicating 
that the motif retains binding ability even with the 
25 incorporation of a variety of different amino acids in 
exocyclic positions. 

EXAMPLE IX 

RGD AND RELATED PEPTIDES RECOGNIZED BY THE ot s P 1 INTEGRIN 

A pool of the libraries expressing peptides of 
30 different length was first screened with the a s f3 x 

integrin. Total of 4 0 different sequences were obtained, 
of which 2, 20 and 18 were derived from the CX 5 C, CX € C and 
CX 9 [SEQ ID NOS: 39, 40 and 42, respectively] libraries, 
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respectively (Table 2) . Increasing the stringency of the 
panning enriched a glycine residue at the position 
C- terminal to the RGD sequence, as has been found earlier 
(Koivunen et al., J. Biol. Chem. , 268: 20205-10 (1993); 
5 Koivunen et al ., J. Cell Biol., 124: 373-380 (1994)). 
The next residue C- terminal to glycine was tryptophan, 
phenylalanine or another hydrophobic amino acid. The 
third position C-terminal to RGD was also frequently 
occupied by a large hydrophobic amino acid. The most 
10 often occurring sequence was the CX 6 C peptide CRGDGWMC 
[SEQ ID NO: 27], which was found 10 times. The CX 5 C 
sequence CRGDGWC [SEQ ID NO: 13] was found 8 times. 

All the sequences derived from the CX 9 library 
contained another cysteine in the X 9 portion [all SEQ ID 

15 NO: 42] . In the RGD- containing peptides, the location of 
the second cysteine varied and included CX 3 CX 4 , CX S CX 3/ 
CX 6 CX 2 CX 7 CX and CX 8 C. The CX 3 CX 4 sequence contained the 
CRGDCL [SEQ ID NO: 7] sequence we isolated earlier using 
a linear X 6 library (Koivunen et al . , J. Biol. Chem., 

20 268:20205-10 (1993) ) . 

The of 5 i8 1 -binding motif NGR (Koivunen et al . , J. 
Biol. Chem., 268:20205-10 (1993); Koivunen et al . , J. 
Cell Biol., 124:373-380 (1994)) was found in two clones. 
The peptides had a structure CX 8 C and had similarities to 
25 the NGRAHA [SEQ ID NO: 28] sequence originally isolated 
from the X 6 library (Koivunen et al . , J. Biol. Chem., 
268:20205-10 (1993)). Eight CX 8 C sequences derived from 
the CX 9 library lacked the RGD or NRG motifs and were not 
studied further. 

30 EXAMPLE X 

SEQUENCES SELECTED BY THE 0 3 INTEGRINS 

A majority (42 out of 50) of the phage 
sequences selected by the a v /? 3 integrin contained the RGD 
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sequence (Table 3) . Most of them were from the CX 7 C 
library. Two sequences were derived from the CX 9 library 
and had a structure CX 8 C. In contrast to the a^- binding 
sequences, the most common residue C- terminal to the RGD 
5 sequence was serine, but this position was also occupied 
by many other residues such as threonine, alanine or a 
basic amino acid. The next residue towards the 
C- terminus was usually a large hydrophobic amino acid 
such as phenylalanine, but several other amino acids were 
10 also found at this position, even after high affinity 
selection. 

Four clones displayed apparent RGD homologs, in 
which the small glycine residue was substituted by 
leucine {3 clones) or serine (1 clone) . This includes 

15 the peptides CARRLDAPC [SEQ ID NO: 19] and CPSRLDSPC [SEQ 
ID NO: 20] . Finally, four phage sequences were isolated 
that did not contain the RGD motif. The sequences were 
hydrophobic and did not show clear homology to any 
sequence in vitronectin (Suzuki et al . , EMBO J. 4: 

20 2519-2524 (1985) ) . 

Panning with the a llh (3 2 integrin yielded 
sequences somewhat similar to those selected by aj5 3 . The 
sequences could be categorized into two groups, those 
containing the RGD motif and those containing variations, 

25 where the glycine or arginine residue of RGD was replaced 
(Table 4) . The glycine was substituted by quite 
different amino acids such as serine, threonine, leucine, 
alanine, glutamine, histidine and methionine, and some 
sequences lacked the glycine displaying only RD. The KGD 

30 homolog was found in one phage clone among the 3 5 
sequences obtained. 



The RGD -containing sequences favored by a 1Ib /5 3 
differed from those selected by and a v (3 2 in that 

aromatic residues Trp, Phe, or Tyr were enriched at a 
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position immediately C-terminal to the RGD sequence. In 
addition, several sequences contained one or two basic 
residues outside the RGD. 

EXAMPLE XI 

5 SEQUENCES SELECTED BY THE a v /3 5 INTEGRIN 

Most of the RGD- containing sequences bound to 
the a v (3 5 integrin originated from the CX 7 C and CX 9 
libraries (Table 5). Furthermore, all the 18 CX 9 peptides 
obtained had a structure CX 8 C. The peptide binding of 

10 a v /J 5 was similar to that of aj3 3 in that the residue 

C-terminal to RGD often was serine or threonine and the 
following position was phenylalanine. The RGDSF [SEQ ID 
NO: 31] or RGDTF [SEQ ID NO: 32] sequences occurred in 13 
of 3 9 RGD sequences determined. There was no enrichment 

15 of a particular amino acid in the positions N-terminal to 
the RGD sequence. The sequences selected by the other 
three integrins also showed no predominance for any 
particular amino acid at those positions. 

A search for high affinity sequences yielded 
20 four sequences with the CRGDC [SEQ ID NO: 37] motif, each 
from the CX 7 C library. These sequences contained two 
additional cysteines, suggesting the presence of two 
disulfide bonds. Three of these sequences had the 
structure CXCRGDCXC [SEQ ID NO: 15] and one CRGDCCXXC 
25 [SEQ ID NO: 33] . 

The a v /3 s integrin also selected non-RGD 
sequences, all from the CX 9 library that had two or three 
basic residues and often contained also a glutamine 
residue. Five of these sequences had a structure CX e C and 
30 one CX 7 CX # but another five lacked the second cysteine. 
These sequences were found only after the second, but not 
subsequent, pannings and the phage bound weakly to the 
integrin. 
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EXAMPLE XII 

STUDIES WITH SYNTHETIC PEPTIDES IN PHAGE BINDING ASSAY 

To test whether the RGDGW [SEQ ID NO: 9] 
sequence has a high affinity for as suggested by the 

5 phage, we synthesized the cyclic peptide A* CRGDGWC*G [SEQ 
ID NO: 34] . This peptide, derived from the CX S C library 
was chosen because the phage expressing the peptide was 
among the best binders of the integrin and consistently 
showed higher avidity than phage expressing the 
10 previously identified active binding sequences RRETAWA 
[SEQ ID NO: 8] and CRGDCL [SEQ ID NO: 7] . The 
A*CRGDGWC*G [SEQ ID NO: 34] peptide was 5-fold more 
active in inhibiting the binding of RGD-displaying phage 
to a s P x than the *CRGDC* [SEQ ID NO: 37] peptide (Figure 
15 9) . We also synthesized a peptide according to one of 
the RLD- containing phage. One of the RGD homologs found 
in this study, the peptide A+CPSRLDSPOG [SEQ ID NO: 35] 
that was selected by the a v /J 3 integrin from the CX 7 C 
library, bound to a v jS 3 but not to or^. Consistent with 
20 this, the synthetic peptide A*CPSRLDSPC*G [SEQ ID NO: 35] 
showed no inhibition of RGD phage binding to a s p x {Figure 
9) . 

The ACDCRGDCFCG peptide [SEQ ID NO: 10] was one 
of the apparent double sulfide -bonded peptides that were 

25 bound strongly to the a v /S s integrin. Phage attachment 
experiments indicated that the phage expressing this 
peptide bound preferentially to the a v /? 5 integrin. Since 
we do not know which cysteines may pair with each other 
in phage, no attempt was made to control the formation of 

30 disulfide bonds in the synthetic peptide. Oxidation 
after release of the peptide from the synthesis resin 
yielded one major peak in HPLC that eluted significantly 
earlier than the non-oxidized peptide run separately. 
This suggests homogenous disulfide bonding of the 

35 peptide. One disulfide bond is possibly formed between 
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the cysteines flanking the RGD sequence, as the *CRGDC* 
[SEQ ID NO: 37] peptide is active. A second disulfide 
bridge would then form between the CX 7 C cysteines, 
although we cannot exclude the possibility of a mixture 
5 of different bonds. Mass spectrometry confirmed that the 
peptide do contain two disulfide bonds. 

The cyclized ACDCRGDCFCG [SEQ ID NO: 10] 
peptide was 10 -fold more potent than the single disulfide 
bond-containing peptide *CRGDC* [SEQ ID NO: 37] in 

10 inhibiting the binding of RGD- containing phage to ot v (3 s 
(Figure 10) . Phage binding to og3 3 was inhibited by the 
ACDCRGDCFCG [SEQ ID NO: 10] peptide 5-fold better than by 
*CRGDC* [SEQ ID NO: 37], indicating that the ACDCRGDCFCG 
[SEQ ID NO: 10] peptide binds to both of these a v 

15 integrins. Dimethyl sulfoxide solvent was included as a 
control and had no effect on phage binding at 
concentrations up to 1% . 

Further phage binding experiments showed that 
the RLD- containing peptide A*CPSRLDSPC*G [SEQ ID NO: 35] 

20 had partial selectivity towards the a v /3 3 integrin but that 
its affinity was low. In oj3 3 and or v £ 5 binding assays, the 
peptide had a 100- fold and 1000-fold lower activity than 
*CRGDC* [SEQ ID NO: 37], respectively. The low affinity 
may partially be due to the tendency of the peptide 

25 precipitate at neutral pH. 

EXAMPLE XIII 

INHIBITION OF CELL ATTACHMENT WITH SYNTHETIC PEPTIDES 

Cell attachment experiments confirmed the high 
affinities of the RGDGW- [SEQ ID NO: 9] and double 
30 disulfide bond- containing peptides inferred from the 
phage assays. The A*CRGDGWC*G [SEQ ID NO: 34] peptide 
was a potent inhibitor of c^-mediated cell attachment to 
fibronectin. A * CRGDGWC * G [SEQ ID NO: 34] inhibited the 
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attachment of B2/a27 cells, which attach to fibronectin 
via the a s ^ integrin composed of human a 5 and CHO with 
a IC S0 of 6 fiM; it was 7-fold more potent than the *CRGDC* 
[SEQ ID NO: 37] (Figure 11) or * CRRETAWAC* [SEQ ID NO: 
5 12] peptides. Similar results were obtained with MG 63 
cells, where A*CRGDGWC*G [SEQ ID NO: 34] inhibited at 
IC S0 of 10 and was 4 -fold more potent than * CRRETAWAC* 
[SEQ ID NO: 12] . As compared to the standard linear 
peptide GRGDSP [SEQ ID NO: 21], A*CRGDGWC*G [SEQ ID NO: 
10 34] showed about 50-fold improvement in activity. 

Notably, the double disulfide bond -containing ACDCRGDCFCG 
[SEQ ID NO: 10] peptide had a significantly decreased 
activity toward as compared to the smaller *CRGDC* 

[SEQ ID NO: 37] peptide and was only slightly better than 
15 the linear GRGDSP [SEQ ID NO: 21] peptide. We also 

prepared another synthetic RGDGW- containing [SEQ ID NO: 
9] peptide, GAC * ELRGDGWC * GA [SEQ ID NO: 36] that was 
derived from the CX 7 C [SEQ ID NO: 41] library (Koivunen et 
al., J. Cell Biol., 124: 373-380 (1994)). This CX 7 C 
peptide was 10 -fold less active than the shorter CX S C [SEQ 
ID NO: 39] peptide. 



20 



The ACDCRGDCFCG [SEQ ID NO: 10] peptide was a 
highly potent inhibitor of a v /8 s - mediated cell attachment 
to vitronectin (Figure 12) . With HT-29 cells, the 

25 peptide inhibited at IC 50 of 0.6 /xM and had a 40-fold 

higher affinity than the single disulfide bond-containing 
peptides *CRGDC* [SEQ ID NO: 37] and A* CRGDGWC * G [SEQ ID 
NO: 34] . Similar results were obtained with UCLA-P3 
cells, where ACDCRGDCFCG [SEQ ID NO: 10] (IC 50 =0.6 fiM) 

30 showed a 20-fold enhancement in activity relative to 
*CRGDC* [SEQ ID NO: 37] . Dimethyl sulfoxide at the 
concentrations corresponding to those added with the 
peptide had no effect on cell adhesion. 



35 



The ACDCRGDCFCG [SEQ ID NO: 10] peptide al 
a higher affinity for the a vj 8 3 integrin than the 
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single-disulf ide bond- containing peptides. At IC 50 of 0.2 
MM, the peptide was a 20-fold more effective inhibitor of 
attachment of IMR-90 cells to vitronectin than *CRGDC* 
[SEQ ID NO: 37] (Figure 13). The RLD-containing cyclic 
5 peptide A*CPSRLDSPC*G [SEQ ID NO: 35] showed inhibitory 
activity only at concentrations higher than 1 mM. 

EXAMPLE XIV 

ISOLATION OF THE Of^ INTEGRIN BY PEPTIDE AFFINITY 

CHROMATOGRAPHY 

10 Adhesive peptides are useful tools for receptor 

purification. For instance, the linear peptide GRGDSPK 
[SEQ ID NO: 22] coupled to Sepharose may be used for 
affinity purification of a v /3 3 or the platelet receptor 
<*iib£ 3 (Pytela et al., Methods Enzymol., 144:475-489 

15 (1987)). Although the peptide sequence derives from 

fibronectin, the fibronectin receptor a 5 (3 1 integrin does 
not bind this column presumably because the affinity of 
this interaction is too low without additional receptor 
contacts which occur in the natural ligand. This was the 

20 first demonstration that differential affinity for a 

peptide could be used to selectively isolate an integrin. 

The cyclic peptide GA * CRRETAWAC * GA [SEQ ID NO: 
6] binds specifically to with high affinity. An 

application for this peptide in the purification of ot 5 /3 1 

25 from human placental tissue by a method based upon the 

procedure for purification of the vitronectin receptor by 
affinity for the peptide GRGDSPK [SEQ ID NO: 22] is 
described here. Indeed, GRGDSPK [SEQ ID NO: 22] and the 
GA * CRRETAWAC * GA peptide [SEQ ID NO: 6] columns may be run 

30 in tandem to simultaneously purify both a s l3 1 and a v /? 3 from 
the same starting material . 

The afg/Ji affinity resin is prepared by coupling 
75 mg of peptide GA* CRRETAWAC * GA [SEQ ID NO: 6] to 5 ml 
of cyanogen bromide -activated 4B Sepharose according to 
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manufacturer's instructions (Pharmacia, Uppsala, Sweden). 
The peptide resin is packed into a 1 cm diameter column 
and equilibrated [in TBS (tris buffered saline) with ImM 
CaCl 2# ImM MnCl 2 , and 100 mM octyl-/3-D-glucopyranoside 
5 (Calbiochem, La Jolla, CA) ] . The tissue is washed three 
times by addition of 400 ml of ice cold TBS containing 
proteinase inhibitors (1 mM PMSF, 0.5 fig /ml leupeptin, 
0.5 /i/ml pepstatin) and 10 minutes centrifugation at 
10,000 rpm. The washed tissue is mixed with a minimal 

10 volume (200 ml) of ice-cold extraction buffer [TBS 
containing 1 mM CaCl 2 , 1 mM MnCl 2 , 100 mM octyl-/3-D- 
glucopyranoside and proteinase inhibitors] and incubated 
for 4 hours. After centrifugation for 20 minutes at 
10,000 g, the supernatants are pooled and passed over the 

15 peptide column that has previously been equilibrated in 
TBS containing 1 mM CaCl 2 , 1 mM MnCl 2 , and 100 mM octyl-/?- 
D-glucopyranoside. The column is then washed with 200 ml 
of wash buffer [TBS containing 1 mM CaCl 2 , 25 mM octyl-j8- 
D-glucopyranoside and proteinase inhibitors] . For most 

20 purposes, further purification is not required. After 
dialysis in TBS containing 1 mM MnCl 2 and 0.02% NaN 3 , the 
integrin can be stored at 4°C for at least one month or 
aliquots may be quickly frozen with liquid nitrogen and 
stored at 80 °C. Final yield of 100 fig obtained by this 

25 method is comparable to other methods of purification 
(Pytela et al., Methods Enzymcl., 144:475-489 (1987)). 
The peptide column may be regenerated by washing with 100 
ml 8 M urea 50 mM Tris-HCl pH 7.5 followed by extensive 
washing with storage buffer [TBS containing 0.02% NaN 3 ] . 

30 The advantage of using peptides versus natural 

ligands for affinity purification of integrins is the 
lower cost and the potential for better purification 
resulting from elimination of other binding sites such as 
those potentially present in the type III repeat units of 

35 the fibronectin fragment previously used for the 

purification. Affinity purifications based on integrin 
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antibodies have also been used (Koivunen et al . , J". Cell. 
Biol., 124:373-380 (1994)) but they are also expensive 
and generally do not select against inactivated 
integrins. Nowlin et al . , J. Biol. Chain., 268:20352-59 
5 (1993) recently described a cyclic pentapeptide , 

RCD(ThioP)C [SEQ ID NO: 29], which binds a A P z and with 
high affinity and demonstrated that it could be used to 
purify both these integrins. In contrast, the cyclic 
peptide CRRETAWAC [SEQ ID NO: 12] appears to be selective 
10 for of^. The usefulness of adhesive peptides for 
purification of integrins will likely increase as 
peptides with new specificities are discovered. 



Table 1. Phage sequences bound by the a 5 S 1 integrin. 



CX 7 C library 


XCRXETXWXC 


library 




2nd panning 


3rd panning 


CRRETAWAC 


GCRRETEWAC 


ACRRETAWAC (2) 


CRSETYWKC 


SCRRETQWHC 


HCRRETAWAC 




VCRKETAWAC 


GCRRETAWAC 




GCRKETAWAC 


WCRRETNWAC 




WCRGETAWAC 


SCRAETAWMC 




WCRPETGWRC 


ACRAETAWRC 






YCRPETAWAC 




GCREETAWQC 


RCREETAWAC 




WCREETGWWC 


RCRSETAWAC 




SCREETGWGC 


ECRRETAWAC 




PCREETAWRC 


ECRRETAWSC 




SCRDETLWWC 


ECRRETAWWC 




RCREETLWAC 


DCRRETAWRC 




RCRAETGWAC 


DCRHETAWAC 




ECRRETAWGC 






DCRRETSWAC 





35 Two phage sequences containing the RXET motif originally 
isolated from the CX 7 C library are shown. Based on the 
common residues in these sequences, a library displaying 
XCRXETXWXC peptides was constructed, where X is a variable 
amino acid. The library was surveyed with the a 5 L integrin 

40 coated on plastic with different concentrations and 
randomly selected clones were sequenced after the second 
and third round of panning. 
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Table 2. Phage sequences bound by the a 5 £ 1 integrin. 



10 



15 



20 



25 



30 



cx s c 




CX*C 






CRGDGWC 


(8) 


CRGDGWMC 


(10) 




CRGDGFC 


(3) 


CRGDGLMC 


(7) 








CRGDGWLC 


(5) 








CRGDGMWC 


(5) 


CTJJGnfJT . AT .P 






CRGDGMLC 




uAwi/u i w v p 






CRGDGWIC 










CRGDGWWC 










CRGDGLIC 










CRGDGLDC 










CRGDGLLC 










CRGDGLWC 




CTNVNGRSAC 






CRGDGFLC 










CRGDGQHC 




CQGMHGTPAC 






CRGDGAFC 




CGQGMHRLAC 






CRGDGAWC 




CQGIDGTPAC 






CRGDNVWC 




CMWLSVNYSC 






CRGDNAWC 




CREQPASRSC 






CRGDAAWC 




CKWRSARDLC 






CRGDAAHC 




CVDCILRYLC 






CRGDRAWC 




CGADSEEGPC 



A mixture of the libraries expressing 
peptides was screened with a 5 & l9 The 
randomly selected clones after second 
panning. The number of clones encoding 
shown in parentheses. The RGD and NGR 
bold. 



CX 5 C, CX 6 C and CX 9 
sequences are from 
third and fourth 
the same peptide is 
motifs are shown in 
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Table 3. Phage sequences bound by the a v 0 3 integrin. 



CX 5 C 



CX,C 



CX q 



5 CWRGDTPC 
CWRGDRAC 
CLRGDRVC 
CSRGDGRC 
CRGDSLRC 
10 CRGDGRNC 



15 



20 



25 



30 



35 



CTTRGDSFC 
CRVRGDSWC 
CLRRGDSGC 
CISRGDTFC 
CPSRGDALC 
CAGRGDALC 
CSPRGDAGC 
CTRRGDATC 
CVRRGDAFC 
CLSRGDWC 
CNARGDGFC 
CVTRGDHFC 
CEVRGDRIC 
CNIRGDKIC 
CNARGDKLC 
CPRGDSTLC 
CTRGDSIFC 
CTRGDSLDC 
CGRGDSHHC 
CDRGDSQSC 
CSRGDTYLC 
CLRGDIANC 
CGRGDLIHC 
CSRGDGAIC 
CFRGDDRKC 
CRGDSFVGC 
CRGDSHLQC 
CRGDNTFGC 
CRGDTVYAC 
CRGDHGTLC 
CRGDAWPGC 
CRGDLAWVC 
CRGDGIRFC 
CRGDKGWNC 



CARRLDAPC 
CPSRLDSPC 
CKTPGRLDC 
CTTRSDSFC 



CWSISPYFC 
CPDLLAQSC 
CLVLPSTGC 
CYSLGFLVC 



CQARGDRPRC 
CNRRGDNWGC 



40 A pool of the CX 5 C, CX 6/ CX 7 C and CX g libraries was surveyed 
with the integrin and randomly picked clones were 
sequenced. The RGD motifs are shown in bold and the RGD 
homologs are underlined. 
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Table 4. Phage sequences selected by ot llb & 2 integrin. 



CX 6 C 



a IIb S 3 



CX 7 C 



10 



15 



20 



25 



CRGDNYWC 
CRGDNSAC 
CPRGDWPC 
CGRGDQLC 
CVRGDRMC 
CRGDRALC 
CRGDTRSC 
CGRGDGDC 

C ROD VPOC 
CRADVPLC 
CGRLDVPC 
CYRRDVPC 
CKGDMPRC 
CRHDSPRC 
C KRRD YPC 
CT RTD GWC 
CMRTDGRC 
CRTRDSPC 
CWRDMPC 



CRRGDFGGC 

CFSRGDFPC 

CHIRGDFPC 

CRYRGDLPC 

CYARGDYPC (2) 

CSARGDWPC 

CKRGDWIRC 

CGARGDSRC 

C RRMD MPDC 

CW ARRD MPC 

CWVRSDLGC 

CPLRRDWIC 

CT ARSD RRC 

CMS RAD RPC 

CSG RHD DYC (2) 

CHSTRDELC 



A mixture of the CX S C, CX 6 C and CX 7 C libraries was panned 
with the integrin coated on plastic as described in 
Material and Methods. The RGD motif is shown in bold and 
its homologs are underlined. 
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Table 



5. Phage sequences bound by the integrin. 



CX 5 C 
CX fi C 



CX 7 C 



CXo 



CRGDTFC 
CRGDVFLC 



10 



15 



20 



25 



30 



CWTRGDSFC 

CEGRGDSFC 

CYARGDSFC 

CEPRGDSFC 

CELRGDSAC 

CLVRGDSLC 

CHTRGDTFC 

CISRGDTFC 

CWRGDTFC 

CEMRGDTFC 

CDLRGDTYC 

CVTRGDNFC (2) 

CVLRGDNFC 

CVRRGDVFC 

CGRGDTPTC 

CRGDTYLIC 

CDCRGDCFC (2) 
CDCRGDCLC (2) 
CLCRGDCIC 
CRGDCCQSC 

CLHPNVRSC 
CDSVLRVFC 



CIRRGDTFGC (2) 

CQGRGDTFYC 

CPRRGDTFSC 

CAHRGDTPQC 

CVSRGDTPKC 

CVTRGDSFSC 

CQVRGDQFAC 

CTQRGDNFFC 

CAPRGDHFAC (2) 

CQSRGDDFSC 

CGRRGDVPRC 

CRGDTPGFLC 

CRGDLPRAWC 

CRGDVPAVGC 

CYRGDADFWC 

CSQKRGDTWC 

CPDKRGDTYC 

CGPRERFLSC 
CIRQRIYPWC 
CGQRS SARAS 
CGSPLKSIKC 
CIEIQHGKAC 
CLESRGPOKC 
CRKQVMACTA 
CEAXFQLHWV 
CVGICELHJCRV 
CTRKRAVGAA 



35 A pool of the CX 5 C, CX 6 C f CX 7 C and CX 9 libraries was used. 
The RGD motif is shown in bold. The basic residues and 
glutamines in the CX 9 non-RGD peptides are underlined. 



40 



Although the present invention has been 
described in detail with reference to examples above, it 
is understood that various modifications can be made 
without departing from the spirit of the invention. 
Accordingly, the invention is limited only by the 
following claims . 
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SEQUENCE LISTING 

(1) GENERAL INFORMATION: 

(i) APPLICANT: La Jolla Cancer Research Foundation 

5 (ii) TITLE OF INVENTION : Novel Integrin- Binding Peptides 
(iii) NUMBER OF SEQUENCES: 46 

(iv) CORRESPONDENCE ADDRESS: 

(A) ADDRESSEE : Campbeil and Flores 

(?) STsanmego ^ ViU39e DriVe ' Suite 700 



(D) STATE: California 

(E) COUNTRY: USA 

(F) ZIP: 92122 

15 (v) COMPUTER READABLE FORM: 

(A) MEDIUM TYPE: Floppy disk 

(B) COMPUTER: IBM PC compatible 

(C) OPERATING SYSTEM : PC-DOS /MS-DOS 

(D) SOFTWARE: Patentln Release #1.0, Version #1.25 

20 (vi) CURRENT APPLICATION DATA: 

(A) APPLICATION NUMBER: " 

(B) FILING DATE: 22 -NOV- 1994 

(C) CLASSIFICATION: 

(vii) PRIOR APPLICATION DATA: 
25 (A) APPLICATION NUMBER: US 08/158 001 

(B) FILING DATE: 24-NOV-1993 

(viii) ATTORNEY / AGENT INFORMATION : 

(A) NAME: Hook, Gregory R. 

(B) REGISTRATION NUMBER: 38,701 

3 0 (C) REFERENCE /DOCKET NUMBER: FP-LA 1220 

(ix) TELECOMMUNICATION INFORMATION- 

(A) TELEPHONE: (619) 535-9001 

(B) TELEFAX: (619) 535-8949 

(2) INFORMATION FOR SEQ ID NO : 1 : 

35 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 7 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: both 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO:l: 

40 Arg Xaa Glu Thr Xaa Trp Xaa 

1 5 
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(2) INFORMATION FOR SEQ ID NO: 2: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 
5 (D) TOPOLOGY: both 



(ix) FEATURE: 

(A) NAME/KEY: Peptide 

(B) LOCATION: 5 

(D) OTHER INFORMATION : /note= "Xaa = an amino acid with a 
10 hydrophobic, aromatic side chain. " 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO:2: 

Arg Gly Asp Gly Xaa 
1 5 

(2) INFORMATION FOR SEQ ID NO: 3: 

15 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



(ix) FEATURE: 
20 (A) NAME/KEY: Peptide 

(B) LOCATION: 1 

(D) OTHER INFORMATION: /note= "Xaa = residue capable of 
forming a cyclizing bond." 

(ix) FEATURE: 
25 (A) NAME/KEY: Peptide 

(B) LOCATION: 3 

(D) OTHER INFORMATION: /note= "Xaa = residue capable of 
forming a cyclizing bond." 

(ix) FEATURE: 
30 (A) NAME/ KEY: Peptide 

(B) LOCATION: 7 

(D) OTHER INFORMATION: /note= "Xaa = residue capable of 
forming a cyclizing bond." 

(ix) FEATURE: 
35 (A) NAME/KEY: Peptide 

(B) LOCATION: 9 

(D) OTHER INFORMATION: /note= "Xaa = residue capable of 
forming a cyclizing bond." 

(ix) FEATURE: 
4 0 (A) NAME /KEY: Peptide 

(B) LOCATION: 2 

(D) OTHER INFORMATION: /note= "Xaa = 1 to 5 amino acids." 

(ix) FEATURE: 

(A) NAME/KEY: Peptide 
45 (B) LOCATION: 8 

(D) OTHER INFORMATION: /note= "Xaa = 1 to 5 amino acids." 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 3: 

Xaa Xaa Xaa Arg Gly Asp Xaa Xaa Xaa 

1 . 5 
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(2) INFORMATION FOR SEQ ID NO : 4 : 



(i) 



SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 7 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: both 



5 



(xi) 



SEQUENCE DESCRIPTION: SEQ ID NO: 4: 



Glu 

1 



Leu Arg Gly Asp Gly Trp 
5 



(2) INFORMATION FOR SEQ ID NO: 5: 



10 (i) 



SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 5: 

15 Gly Ala Cys Arg Gly Asp Cys Leu Gly Ala 
15 io 

(2) INFORMATION FOR SEQ ID NO: 6: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 13 amino acids 
20 (B) TYPE: amino acid 

(D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 6: 
Gly Ala Cys Arg Arg Glu Thr Ala Trp Ala Cys Gly Ala 



(25 INFORMATION FOR SEQ ID NO: 7: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 6 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



3 0 (xi) SEQUENCE DESCRIPTION: SEQ ID NO : 7 : 

Cys Arg Gly Asp Cys Leu 
1 5 



1 



5 



10 
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(2) INFORMATION FOR SEQ ID NO: 8: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 7 amino acids 

(B) TYPE: amino acid 
5 (D) TOPOLOGY: both 



<xi) SEQUENCE DESCRIPTION: SEQ ID NO: 8: 

Arg Arg Glu Thr Ala Trp Ala 
1 5 

(2) INFORMATION FOR SEQ ID NO : 9 : 

10 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 amino acids 

(B) TYPE; amino acid 
(D) TOPOLOGY: both 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 9: 

15 Arg Gly Asp Gly Trp 
1 5 

(2) INFORMATION FOR SEQ ID NO: 10: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 11 amino acids 
20 (B) TYPE: amino acid 

(D) TOPOLOGY: circular 



(Xi) SEQUENCE DESCRIPTION : SEQ ID NO: 10: 

Ala Cys Asp Cys Arg Gly Asp Cys Phe Cys Gly 
1 5 io 

(26 INFORMATION FOR SEQ ID NO: 11: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



30 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 11: 

Cys Arg Xaa Glu Thr Xaa Trp Xaa Cys 
1 5 
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(2) INFORMATION FOR SEQ ID NO: 12: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

5 (D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 12: 

Cys Arg Arg Glu Thr Ala Trp Ala Cys 
1 5 

(2) INFORMATION FOR SEQ ID NO: 13: 

10 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 7 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 13 

15 Cys Arg Gly Asp Gly Trp Cys 
1 5 

(2) INFORMATION FOR SEQ ID NO: 14: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 7 amino acids 
20 (B) TYPE: amino acid 

<D) TOPOLOGY: circular 



(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 14; 

Cys Arg Gly Asp Gly Phe Cys 
1 5 

(2)5 INFORMATION FOR SEQ ID NO: 15: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



3 0 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 15: 

Cys Xaa Cys Arg Gly Asp Cys Xaa Cys 
1 5 
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(2) INFORMATION FOR SEQ ID NO: 16: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

5 (D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 16: 

Cys Asp Cys Arg Gly Asp Cys Phe Cys 
1 5 

(2) INFORMATION FOR SEQ ID NO: 17: 

10 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 17; 

15 Cys Asp Cys Arg Gly Asp Cys Leu Cys 
1 5 

(2) INFORMATION FOR SEQ ID NO: 18: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 9 amino acids 
20 (B) TYPE: amino acid 

(D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 18: 

Cys. Leu Cys Arg Gly Asp Cys lie Cys 
1 5 

(2)5 INFORMATION FOR SEQ ID NO: 19: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



30 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 19: 

Cys Ala Arg Arg Leu Asp Ala Pro Cys 
1 5 
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(2) INFORMATION FOR SEQ ID NO: 20: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 

5 (D) TOPOLOGY: circular 



(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 20: 

Cys Pro Ser Arg Leu Asp Ser Pro Cys 
1 5 

(2) INFORMATION FOR SEQ ID NO: 21: 

10 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 6 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 21: 

15 Gly Arg Gly Asp Ser Pro 
1 5 

(2) INFORMATION FOR SEQ ID NO: 22: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 7 amino acids 
20 (B) TYPE: amino acid 

( D ) TOPOLOGY : 1 inear 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 22; 

Gly Arg Gly Asp Ser Pro Lys 
1 5 

(2)5 INFORMATION FOR SEQ ID NO: 23: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 6 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 



3 0 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 23; 

Gly Arg Gly Glu Ser Pro 
1 5 
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(2) INFORMATION FOR SEQ ID NO: 24: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 9 amino acids 
<B) TYPE: amino acid 
5 (D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 24: 

Cys Glu Leu Arg Gly Asp Gly Trp Cys 
1 5 

(2) INFORMATION FOR SEQ ID NO: 25: 

10 (i) SEQUENCE CHARACTERISTICS: 
(A} LENGTH: 9 amino acids 
(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO:25: 

15 Cys Arg Ser Glu Thr Tyr Trp Lys Cys 
1 5 

(2) INFORMATION FOR SEQ ID NO: 26: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 
20 (B) TYPE: amino acid 

(D) TOPOLOGY: both 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO:26: 

Xaa Cys Arg Xaa Glu Thr Xaa Trp Xaa Cys 
15 io 

(25 INFORMATION FOR SEQ ID NO: 27: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 8 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



30 (xi) SEQUENCE DESCRIPTION: SEQ ID NO:27: 

Cys Arg Gly Asp Gly Trp Met Cys 
1 5 
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(2) INFORMATION FOR SEQ ID NO: 28: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 6 amino acids 

(B) TYPE: amino acid 
5 (D) TOPOLOGY: both 



(Xi) SEQUENCE DESCRIPTION: SEQ ID NO:28: 

Asn Gly Arg Ala His Ala 
1 5 

(2) INFORMATION FOR SEQ ID NO: 29: 

10 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



(ix) FEATURE: 
15 (A) NAME/KEY: Peptide 

(B) LOCATION: 4 

(D) OTHER INFORMATION: /note= "Xaa = (ThioP) 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO:29: 

Arg Cys Asp Xaa Cys 
20 1 5 

(2) INFORMATION FOR SEQ ID NO: 30: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 7 amino acids 

(B) TYPE: amino acid 
25 (D) TOPOLOGY: circular 



(ix) FEATURE: 

(A) NAME /KEY : Peptide 

(B) LOCATION: 6 

(D) OTHER INFORMATION: /note= "Xaa = hydrophobic, aromatic 
amino acid. " 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO:30: 

Cys Arg Gly Asp Gly Xaa Cys 
1 5 

(2) INFORMATION FOR SEQ ID NO: 31: 

35 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: both 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 31: 

40 Arg Gly Asp Ser Phe 
1 5 
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(2) INFORMATION FOR SEQ ID NO: 32: 



5 



SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: both 



(xi) 



SEQUENCE DESCRIPTION: SEQ ID NO: 32: 



Arg 



1 



Gly Asp Thr Phe 
5 



(2) INFORMATION FOR SEQ ID NO: 33: 

10 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 33: 

15 Cys Arg Gly Asp Cys Cys Xaa Xaa Cys 
1 5 

(2) INFORMATION FOR SEQ ID NO: 34: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 9 amino acids 
20 (B) TYPE: amino acid 

(D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO:34: 

Ala Cys Arg Gly Asp Gly Trp Cys Gly 
1 5 

(2)5 INFORMATION FOR SEQ ID NO: 35: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 11 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



3 0 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 35: 

Ala Cys Pro Ser Arg Leu Asp Ser Pro Cys Gly 
15 io 
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(2) INFORMATION FOR SEQ ID NO: 36: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 13 amino acids 

(B) TYPE: amino acid 

5 (D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO:36: 

Gly Ala Cys Glu Leu Arg Gly Asp Gly Trp Cys Gly Ala 
15 io 

(2) INFORMATION FOR SEQ ID NO: 37: 

10 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 5 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO:37: 

15 Cys Arg Gly Asp Cys 
1 5 

(2) INFORMATION FOR SEQ ID NO: 38: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 9 amino acids 
20 (B) TYPE: amino acid 

(D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO:38; 

Cys Xaa Xaa Arg Leu Asp Xaa Xaa Cys 
1 5 

{2& INFORMATION FOR SEQ ID NO: 39: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 7 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



30 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 39: 

Cys Xaa Xaa Xaa Xaa Xaa Cys 
1 5 
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(2) INFORMATION FOR SEQ ID NO: 40: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 8 amino acids 

(B) TYPE: amino acid 

5 (D) TOPOLOGY: circular 



(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 40: 

Cys Xaa Xaa Xaa Xaa Xaa Xaa Cys 
1 5 

(2) INFORMATION FOR SEQ ID NO: 41: 

10 (i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: circular 



(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 41: 

15 Cys Xaa Xaa Xaa Xaa Xaa Xaa Xaa Cys 
15 

(2) INFORMATION FOR SEQ ID NO: 42: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 amino acids 
20 (B) TYPE: amino acid 

(D) TOPOLOGY: both 



(xi) SEQUENCE DESCRIPTION : SEQ ID NO: 42: 

Cys Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa Xaa 
1 5 io 

(2)5 INFORMATION FOR SEQ ID NO: 43: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 21 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 
3 0 (D) TOPOLOGY: linear 



(ix) FEATURE: 

(A) NAME /KEY: repeat region 

(B) LOCATION: 4. .18 "~ 

(D) OTHER INFORMATION: /note= »N = equal molar mixture of 
A, C, G, T; K = G or T. " 



(Xi) SEQUENCE DESCRIPTION: SEQ ID NO:43: 
TGTNNKNNKN NKNNKNNKTG T 
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(2) INFORMATION FOR SEQ ID NO: 44: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 24 base pairs 

(B) TYPE: nucleic acid 

5 (C) STRANDEDNESS : single 

(D) TOPOLOGY: linear 



(ix) FEATURE: 

(A) NAME/ KEY: repeat_region 

(B) LOCATION: 4.. 21 

(D) OTHER INFORMATION: /note= "N a equal molar mixture of 
A, C, G, T; K = G or T. " 



(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 44: 
TGTNNKNNKN NKNNKNNKNN KTGT 
(2) INFORMATION FOR SEQ ID NO: 45: 

15 (i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 27 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 



20 (ix) FEATURE: 

(A) NAME/KEY: repeat_region 

(B) LOCATION: 4.. 24 

(D) OTHER INFORMATION: /note= "N = equal molar mixture of 
A, C, G, T; K = G or T. " 



25 (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 45: 

TGTNNKNNKN NKNNKNNKNN KNNKTGT 

(2) INFORMATION FOR SEQ ID NO: 46: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 30 base pairs 
30 (B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 



( ix ) FEATURE : 

(A) NAME/KEY: repeat_region 
35 (B) LOCATION: 4.. 30 

(D) OTHER INFORMATION: /note= »N = equal molar mixture of 
A, C, G, T; K = G or T. » 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:46: 
TGTNNKNNKN NKNNKNNKNN KNNKNNKNNK 30 
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We claim: 



1- A peptide that binds to the c£ s p x integrin 
comprising the sequence RX 1 ETX 2 WX 3 [SEQ ID NO: 1] wherein 
X 1; X 2 and X 3 are any amino acid. 

5 2 . The peptide of claim 1 wherein the 

sequence KK 1 ETX 2 VtX 3 [SEQ ID NO: 1] is in a constrained 
secondary conformation. 

3. The peptide of claim 1 wherein the 
sequence RX 1 ETX 2 WX 3 [SEQ ID NO: 1] is contained in a 

10 cycle. 

4. The peptide of claim 3 wherein the cycle 
is formed from a disulfide bond, a peptide bond or a 
lactam bond. 

5. The peptide of claim 4 wherein the 
15 sequence RX 1 ETX 2 WX 3 [SEQ ID NO: 1] is the sequence 

RRETAWA [SEQ ID NO: 8] . 



6. The peptide of claim 5 wherein the 
sequence RRETAWA [SEQ ID NO: 8] is further contained 
the sequence CRRETAWAC [SEQ ID NO: 12]. 



20 7. The peptide of claim 4 wherein X x is R, K, 

G, P, E, D, A, S or H; X 2 is A, E, Q, G, L, S, or N; and 
X 3 is A, H, R, Q, W # G, M or S. 

8. The peptide of claim 7 wherein the 
sequence RX X ETX 2 WX 3 [SEQ ID NO: 1] is further contained 
25 in the sequence CRX 1 ETX 2 WX 3 C [SEQ ID NO: 11] . 



9. A peptide that binds 0^5^^ integrin and 
that contains the sequence RGDGX [SEQ ID NO: 2] , wherein 
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X is an amino acid with a hydrophobic, aromatic side 
chain, 

10. The peptide of claim 10 wherein X is W or 



5 li. The peptide of claim 10 wherein the 

sequence RGDGX [SEQ ID NO: 2] is in a constrained 
secondary conformation. 

12. The peptide of claim 10 wherein the 
sequence RGDGX [SEQ ID NO: 2] is contained in a seven - 

10 membered or nine-membered cycle. 

13. The peptide of claim 12 wherein the cycle 
is formed by a disulfide bond, a peptide bond or a lactam 
bond. 

14. The peptide of claim 13 wherein the 

15 sequence RGDGX [SEQ ID NO: 2] is further contained in the 
sequence CRGDGXC [SEQ ID NO: 30] . 

15. A peptide that binds to a v /? 3 integrin and 
that contains the sequence RLD in a constrained secondary 
conformation. 

* 

20 16. The peptide of claim 15 wherein the 

sequence RLD is contained in a nine-membered cycle. 

17. The peptide of claim 16 wherein the cycle 
is formed from a disulfide bond, a peptide bond or a 
lactam bond. 

25 18- The peptide of claim 17 wherein the 

sequence RLD is further contained in the sequence 
CX 1 X 2 RLDX 3 X 4 C [SEQ ID NO: 38], wherein X x , X 2 , X 3 and X 4 
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are any amino acid; CARRLDAPC [SEQ ID NO: 19] or 
CPSRLDSPC [SEQ ID NO: 20] . 



19. A peptide that binds to the or v /3 3 and a v /3 5 
integrins and that contains the sequence X 1 X 2 X 3 RGDX 4 X 5 X 6 

5 [SEQ ID NO: 3] wherein x 1# X 3 , X 4 and X 6 are capable of 
forming a bridge and X 2 and X 5 are 1 to 5 amino acids. 

20. The peptide of claim 19 wherein X x , X 3 , X 4 
and X 6 are capable of forming disulfide bonds, peptide 
bonds or lactam bonds . 



10 21. The peptide of claim 20 wherein the 

sequence X 1 X 2 X 3 RGDX 4 X 5 X 6 [SEQ ID NO: 3] is CX 2 CRGDCX 5 C 
[SEQ ID NO: 15], CDCRGDCFC [SEQ ID NO: 16], CDCRGDCLC 
[SEQ ID NO: 17], or CLCRGDCIC [SEQ ID NO: 18]. 

22 . A method useful for isolating an 
15 a 5 - containing integrin from a sample mixture comprising 
contacting the sample mixture with a peptide of claim l 
under ionic conditions to allow binding of the integrin 
to the peptide and separating the integrin from the 
peptide. 

20 23. A method useful for isolating an 

a 5 - containing integrin from a sample mixture comprising 
contacting the sample mixture with a peptide of claim 9 
under ionic conditions to allow binding of the integrin 
to the peptide and separating the integrin from the 

25 peptide. 



24. A method useful for isolating an 
a v - containing integrin from a sample mixture comprising 
contacting the sample mixture with a peptide of claim 15 
under ionic conditions to allow binding of the integrin 
3 0 to the peptide and separating the integrin from the 
peptide. 
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25. A method useful for isolating an 

a v - containing integrin from a sample mixture comprising 
contacting the sample mixture with a peptide of claim 19 
under ionic conditions to allow binding the integrin to 
5 the peptide and separating the integrin from the peptide, 

26. A .method useful for attaching cells to a 
substrate comprising binding a peptide of claim 1 to a 
substrate and contacting the substrate with the cell. 

27. A method useful for attaching cells to a 
10 substrate comprising binding a peptide of claim 9 to a 

substrate and contacting the substrate with the cell. 

28. A method useful for attaching cells to a 
substrate comprising binding a peptide of claim 15 to a 
substrate and contacting the substrate with the cell. 

15 29. A method useful for attaching cells to a 

substrate comprising binding a peptide of claim 19 to a 
substrate and contacting the substrate with the cell. 

30. A device comprising a peptide of claim 1 
attached to a surface of a substrate. 

20 31. A device comprising a peptide of claim 9 

attached to a surface of a substrate. 

32. A device comprising a peptide of claim 15 
attached to a surface of a substrate. 

33. A device comprising a peptide of claim 19 
25 attached to a surface of a substrate. 



34. A device comprising a peptide of claim 1 
attached to the surface of an implantable prosthetic. 
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35. The device of claim 34 wherein the 
implantable prosthetic is a prosthetic blood vessel or a 
vascular graft. 

36. A device comprising a peptide of claim 9 
5 attached to the surface of an implantable prosthetic. 

37. The device of claim 36 wherein the 
implantable prosthetic is a prosthetic blood vessel or a 
vascular graft . 



10 



38. A device comprising a peptide of claim 15 
attached to the surface of an implantable prosthetic. 

39. The device of claim 38 wherein the 
implantable prosthetic is a prosthetic blood vessel or a 
vascular graft . 

40. A device comprising a peptide of claim 19 
15 attached to the surface of an implantable prosthetic. 

41. The device of claim 40 wherein the 
implantable prosthetic is a prosthetic blood vessel or a 
vascular graft. 



20 



42. A method useful for attracting cells to 
the surface of an implantable prosthetic comprising 
attaching a peptide of claim 1 to the surface of the 
implantable prosthetic. 

43. The method of claim 42 further comprising 
implanting the prosthetic into an individual. 

25 44. A method useful for attracting cells to 

the surface of an implantable prosthetic comprising 
attaching a peptide of claim 9 to the surface of the 
implantable prosthetic. 
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45. The method of claim 44 further comprising 
implanting the prosthetic into an individual. 

46. A method useful for attracting cells to 
the surface of an implantable prosthetic comprising 

5 attaching a peptide of claim 15 to the surface of the • 
implantable prosthetic. 

47. The method of claim 46 further comprising 
implanting the prosthetic into an individual. 

48. A method useful for attracting cells to 
10 the surface of an implantable prosthetic comprising 

attaching a peptide of claim 19 to the surface of the 
implantable prosthetic. 

49. The method of claim 48 further comprising 
implanting the prosthetic into an individual. 

15 50. A patch graft comprising a peptide of 

claim 1 attached to a support matrix. 

51. The patch graft of claim 51 wherein the 
support matrix comprises collagen, glycosaminoglycan or 
proteoglycan. 



20 



52. A patch graft comprising a peptide of 
claim 9 attached to a support matrix. 

53. The patch graft of claim 52 wherein the 
support matrix comprises collagen, glycosaminoglycan or 
proteoglycan. 



25 54. A patch graft comprising a peptide of 

claim 15 attached to a support matrix. 
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55. The patch graft of claim 54 wherein the 
support matrix comprises collagen, glycosaminoglycan or 
proteoglycan . 

56. A patch graft comprising a peptide of 
5 claim 19 attached to a support matrix. 

57. The patch graft of claim 56 wherein the 
support matrix comprises collagen, glycosaminoglycan or 
proteoglycan . 

58. A method useful for promoting wound 

10 healing comprising applying to the wound a patch graft of 
claim 50. 

59. A method useful for promoting wound 
healing comprising applying to the wound a patch graft of 
claim 52 . 

15 60. A method useful for promoting wound 

healing comprising applying to the wound a patch graft of 
claim 54 . 

61. A method useful for promoting wound 
healing comprising applying to the wound a patch graft of 

20 claim 56. 

62 . A method useful for inhibiting the 
attachment of osteoclasts to bone comprising 
administering to an individual a peptide of claim 15. 

63 . A method useful for inhibiting the 
25 attachment of osteoclasts to bone comprising 

administering to an individual a peptide of claim 19. 
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64. A method useful for inhibiting 
angiogenesis comprising administering to an individual a 
peptide of claim 15. 

65. A method useful for inhibiting 

5 angiogenesis comprising administering to an individual a 
peptide of claim 19. 

66. A method useful for inhibiting metastasis 
of a tumor expressing ct s (3 1 integrin comprising 
administering a peptide of claim l to an individual. 

10 67. A method useful for inhibiting metastasis 

of a tumor expressing a s p 1 integrin comprising 
administering a peptide of claim 9 to an individual. 

68. A method useful for inhibiting metastasis 
of a tumor expressing a^ 2 integrin comprising 

15 administering to an individual a peptide of claim 15. 

69. A method useful for inhibiting metastasis 
of a tumor expressing integrin comprising 
administering to an individual a peptide of claim 19. 



20 



70. A method useful for inhibiting migration 
of smooth muscle cells comprising administering to an 
individual a peptide of claim 15. 

71. A method useful for inhibiting migration 
of smooth muscle cells comprising administering to an 
individual a peptide of claim 20. 
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